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P R E F A C E  

The present reyorf, deals w i t h  the redv.stion of f r ic t iona l  drag 
by maintaining a more extended- laminar boundary h y e r ,  particulax-ly 
with the aid of' bomandwy-latver suction. 
publications i n  t h i s  field, %he causes of the bowdary-layer tranni- 
t ion and a few laminay Q Y O f i k S  without boundary-layer suctlon. 
Next, tes- ts  with lamiliar suction prof i les  axe ncscribed . The 
behavior of the suction slots for 1a;mina.Y bound.ary-layer suction 
was separately exmlned e 

The f i r s t  chapters t r ea t  

The present report was begun i n  1940 and financially snpported 
by the Committee for St,ud.y o r  Aviation. 
glad t o  express here my sincere gratitude t o  t h i s  committee and 
payticularly t o  i ts  presid-ent, Prof. Ff. J. Ackeret f o r  energetic 
mppor-t; of my work. 

1 f ee l  obliqed and am 
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INVFSTXCATIONS ON REDUCTTONS 3F FRlCTfON OD WXNGS, 

IN PARTICl.Tl3.B BY MBANS OF BDU'WG?Y-U'Y@? SUCZIIOE" 

By Werner4 Pfenninger 

ITJTRODUCTIOB? , KBSm ACT 

3. * G eneral. H omarks 
. s  

The di-Ei@ of an airplane consists of the  in&v.ced; drag, the 
fx*ictiona..t and farm d.raq of wing, fuselage? tail. wit, 3nd., 
o c c s ~ i o r i ~ l l g ,  rd.lator drag Irwestiqations lime shmm the 
f r ic t iona l  drag t o  be the mrtln pcrtlon of %hc dran, 
reduction of surface f r i c t ion  has @ineB. confiiderab1.e importance 
during the last gears. 

lower than tehe tulrb~l-ent, f r ic t ion ,  the fric'c50n83.1 drag could b.9 
reduced by a lantnar b ~ m d a r y  layer as long 8 s  possible. 
a i m  o f  the t e a t s  described here w&s t o  keep the boundmy layer 
campl.etely lam9na.r. up Lo -the t r s i l i n g  ed3e of the d.ng.  

Thus the 

Sirice the laminar f r i c t ion  is, i n  wneral, considerably 

TIIS 

2 ,  E w l i s r  Reports Published- on the Reductfon of 

Fyietional and Pro f i l e  Dragg and on Related Fields 

(a) The p o s s i b l l l t y  of redzciny f r i c t ion  by maintaining a 
: l a inax  .bounkry Z'ayer f o r  a longer time has been mentioned by 
B .  M, ifones (reference 1) + 
t ha t  on f in i sh& wing profilea in f l iq&t  there miqht appaar 

: 1rtm.fnar boundary layers of mixch greater extent ant! with the 

B, M;. Jones p?.oved I.a,ter (reterenco 2) 

-- 
"Untersuchungen %er Reibungsvermin6erugen an Tragfl&cln, 

insbesondere m t t  B119e von Grsnzschichtabsau.gung? Mitteilungen' au@ 
dem Xnstitut; fiXr Aerodynmik an der Eidgen8ssischen Technj schen 
Hocfi~chule in Z k i c h  Berausgegeben von Prof D;: J. Ackeret Nr 13 



2 NACA 'i"M Nu. 1181. 
. -  .. . 

t r a m i t i o n  point lying far ther  t o  the rear  then waa expected so 
fnr (conpaye Ser%y, Morgan, m d  Cooper (reference 31)) 
(reference 2 ) ,  Squire-Young (reference 4) ,  PTW./;SC~ (reference 3 )  , 
and. Serby, Moxypu, and Cooper. (refereme 3) investigated to  what 
degree the transition-point position a f fec ts  ths f r ic t iona l  ma 
profi le  drag.. 

B M. Jones 

According t o  these irlve&ig&&xw a 'r"ar1;her rearward position 
of the .transition point shou.lit make l o w  p r o f i l e  dra,es ponsible 
even f o r  thicker p m f i l e s  it h.i@ei* Reynolds numbers, R e .  In. 
fact ,  t e s t s  on "laninar profiles" of: this type resuJ-tcd fn con- 
eiderably smaller profile d.rags, particulrx&y Pcr weak extcmal 
turbulence mid. larger Re (references 6, 7, and 8 ) .  During the 
second worM w a r  these laminm ~ro%flss vere thoroughly investlgsLed 
i n  various coiantries . 

(b)  The position of ths transition point depends mafnly on 
the  extei-nal pressure distribution, the oxte:inal twbulence, and 
the nature and. curvature of tho surface. The influence of the 
external presmre &is tribution on the  tr:msi*i;ion-point poeition 
was' investl gated by B e M. Jones (rzferefice 21, Sel-by, Elor(pn, 
and Cooper (reference 3), H a l 1  and Eisl.op (refarc-lice LO), G. 1, Ta.ylor 
(reference II) , Faye and Preston (reference X?), Schirbarxer 
(reference l3), Faye (reference 14), etc4 
(reference 2), Serby, Morgm, and Cooper (reference 3), mid. the 
HACA (references 9 and 15) &&owed %hat fw "clem" au~faces t r m a i -  
t ion i n  f L i & $ t  general.1-y takes place in  the region of t'ne point; 
o f .  separation, even for higher Re,yiolds nwnhers F?ind-tunnnl t e s t s  
a t  model-ate Be showkc2 "chat the tixnsitim a f t e r  a sRi@it pressure 
increase, i n  geaerazl, takes $lace sborl ly  a f t m  the separation 
point of the .t&nar f.ayer as long 8 s  the external. turbulence doea 
not a f fec t  the t rme i t ion  (for I.nstance, MaI.1. m d  %ifslop (refer- 
ence 10)) # A similar behavior In t rmwit ion wc2~ found. on bodies 
of revolution (reference 16) . 

Fl.:?@ht Les-bs by tJrsnes 

( c )  Under the infl.uence of an external turbulence the t r ami t ion  
f o r  higher R e  occm-% some-tjsaos at  a consir2erable distnnce Sefore 
the point of: laninar separation.. The dependence of the t ransi t ion 
on an external turbulence w a s  studied by G. I. TaFlor '(yeferexrces 11, 
17, and 181, von Raman (references 19 and. 20), Dryden (references 21 
t o  24), L a  Prand.t l  (for instance 
(references 26 and 27), Tollmien (re.ferences 28 and Schubauer 
(reference 13), Faye and Preston (reference E), P q e  {reference 3O), 
etc  For weaker external tur'oul-ence, i n  ~eneral . ,  higher c r f t i c a l  
Reynolds numbers are obtainad at  the point of' trtmaition; cm9ar0, 
for  instance, B. M, Jones (reference 21, Hall an8 Bialop (reference IO), 
T m i  (reference 7 ) ,  Gewis (reference 6),  and a l ~ o  ( reference 15) . 

/ /  

(reference 25)), Schlichting 

P 

d 
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For acceler8te.d flow, too, there . resu l t  higher c r i t i c a l  Re, 
compare Dryden. lreference 21) and Peters (reference 31) 

(d) For application of lwinar Frofiles i n  f l i g h t  fo r  higher 
Re, knowledge of atruo..spheric turbulence and its influence on the 
t ransi t ion i s  important . The atmospheric turbulence was investigated 
i n  f l i g h t  with hot wires, among others by Stephens and Hall (refer- 
ence 32) # These two authors reached the conclusion tha t  i n  . the i r  
t e s t s  the influence of thc atmospheric turbulence on the t ransi t ion 
was negligible . 

American f l igh t  t e s t s  on a laminar prof i le  of 15,gqercenh 
thickness a t  R e  = 17 x lo6 confilmed t h i s  r e su l t  (reference 15) . 
The influence. of the wall curvature on the t ransi t ion was investigated 
experinentally, for  instance, by M, and F. Claurser (reference 33) 
and theoretically by E. Gsrtler (reference 34) . 
Clauser showed a t  the t ransi t ion f o r  convex (or  concave) wall 
curvature higher (or  lower) Re 
also L. Praxtdtl (reference 39) and Raylei& (reference 86)) . 

( e )  The influence o f  sipface diwturbmces on the t ransi t ion 
/( rougbesses, turbulence wires, t r i p  wires, r ivets ,  uneveneeses i n  
the sheet-metal. skin, surface leaks, waves, e tc  $ )  was investigated, 
fo r  instance, by Young (reference 36), Bood (reference 371, Tani 
(reference 381, and Faye md Preston (reference 12) e 

tho author showed tha t  laminar prof i les  a t  higher Re are sensitive 
t o  waW-ness of the  sudace and tha t  surface leaks must be avoided ' 

i n  order t o  prevent the air from being sucked 2rom the wing 
i n t e r io r  and the bouncZary layer thus from becoming turbulent, 

(f) The pressure dis t r ibut ion of suitable prof i le  shape8 

The meamremente by 

than for a straight wall (compare 

Tests of 

may be calculated w i t h  the aid of conformal mapping, for  instance, 
according t o  Theodorsen (reference 39) (compase also references 40, 
41, and 42), The singularity methods which replace the prof i le  
by vortices, sources aqd sinks, take less time f o r  the detailed 
numerical tal-culation, but are l e s s  accurate. From the presswe 
distribution one may ca.lculate the development of the bomd.ary 
layer i n  the laminar a d  turbulent par t  of the profile.  

(g) The laninar boundary-layer aevelopment m y  be determined, 
f o r  instance,. according t o  Pohlhausen (reference 43), Fallrarer a d  
Skan (reference 44), Falkner (references 4.3 and k6) ,- and Howarth 
( reference 48) . For moderately accelerated and s l ight ly  retarded 
flow the approximation method of Pohlhausen i e  w e l l  applicable as 
demonstrated by a comparison with Falkner 's method (references 45 
and 46) f o r  an external. velocity distribution U = kxm. According 
t o  Pohlhausen, the laminar-plate f r i c t ion  (pressure-gradient zero) 
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i s  overestimated b$ 3.3 percent 
ence 47) ,) 
separation starts i n  the case of the external velocity diistribution 

' ti2 I 2 -7.5 -P U = Uo - bx at'' x = 
Pohlhausen, Fcjr t he  case 'U = kx'0*0*4 the method of Falkner 

(Comparison with Blasiua (refer-  
According t o  HomrtpI (reference 48), the  lasrinw 

instead of x = -22 according to . \  

ences &j and b6) resu l t s  in b'oundary-layer prof i les  v i th  
a1 tangqnt-areagy at x 2 

I .  
' -  * .  

Ho&th (refermce' 51) gave a compilation of various methods 
TQr .  calculation o f  the laminar boun6ary-layer d.eve1opmen.t 
L . P r k d t l  (reference 49) and H. GijTtler (reference 50)  investigates 
the J.amlnar boundary-layer devcltbpment by oxact calculation and 
compared &he different known solution8 with ec2ch other. 

Tomotika. (reference 52) ileveloped a method correspondlng t o  
tha t  of Pohkhatisen f a r  the tnree-d.imeasSona1 case e 

(h) The turbulent boimdauy-layer developmen% mty Be calculated 
according t o  A, B u r l  (reference 5 3 ) ,  ~ r u s c ~ v i t z  (reference 54), 
Kehl (reference 35), Sqinire-Yomg (reference 1;)  , and Young (refer-  
ence 56). 
i s  the sane as t h a t  for the f la t  plate with turbulent f1.0~ without 

I n  most; ce.se~1, the turbulent sheax slxress at the wall 

pre 9 svre gradient f o r  Ree r a t io  was frequently 
Y 

assumed constant (E  = I .4 f o r  not too Xarge preaewe tnc:rease) e 

Otherwi Be, H could be determlnsd from turbulent boun%a,ry-layer 
mensurements as 8 function of the pressure increase 
instance, G.=usc,hwitz (reference 54)) e 

layer development along the flpt plate withcut pressure gmdient 
was investiga,ted by Th von K a h  {references 57 and. 58)  and 
L. P m n d t l  (reference 59) 

(compare, fo r  
The turbulent botmdnry- 

The boixndary-layer development of the wake nay be calculated., 
for i n s t a c e ,  according t o  Squire-Young (reference 4) 

3 *  Influence of the Transition-Point Position on the 

Profi le  Drag fo r  Larger Reynolds N1xnibers; 

Statement of the Purpose 

For slfghtly cam ered prof i les  of various thicknem ra t io  
a/% at  Re = 15 X 10' 'the profile &rag was Gfi tCUl t t t ed  according t o  
Squ5re-Young (reference 4)  for various positions of the t ransi t ion 
point x/ t  (compare f i g ,  1) . Furthermore, the prof i le  drag was 
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calculated f o r  a prof i le  of 16-percent thickness for various R e  
and. different positions of the t ransi t ion point. (See f ig .  2.) 

5 

For a rearward movement of the %rawi t ion  point at  larger  
Re, cvm would drop t o  low values. In the ideal  case (boundary 

layer kept’completely lminai- up t o  the t r a i l i ng  ed.ge), even 
thickel. prof i les  would give very low drags for Larger Re’s. 
Thicker prof i les  dre s t ructural ly  more favorabJ,e m.d permit larger  
spans, thereby reducing the induced drag which would. resain 
significance due to  the decrease of the f r ic t iona l  &ag. Moreover, 
thicker prof i les  permit a more favorable instal la t ion On the wing 
of fuel  -tanks, ,power plants, other load.s, and- f inal ly ,  suction 
ducts. Furthermore, thicker prof i les  possess higher maximum l i f t  
with suitable high-l i f t  devices, For f a s t e r  airplanes the maximum 
prof i le  thickness i s  probably dependent on the st ipulation of, 
mff ic ien t ly  mall superstream velocit ies i n  order t o  reach hi& 
Mach nwnbers without compression. shocks 

According t o  these considerations, the following aim was set :  
Development of thicker profil-es with small superstream velocitj-ea 
where the bowndayy layer remina, i n  f l igh t ,  a t  high Reynolds 
nua%ers, laminar as f a r  toward the rear as possfble, i f  possible 
as fa r  a@ the t r a i l i ng  edge. The maximum l i f t  fo r  take-off ana 
1.anding i s  t o  be as high as possible. 

The possibil-i t ies of keeping the bomda;ry layer lfuminar 
for a long time are, for instance: 

( a )  Use of prof i le  forma where, by special design of the 
contour, the t ransi t ion is  shifted rearward ( f la t  pressure 
distribution with small. superstrean velocit ies and delayed pressure 

(b) Preventing the boundary layer from becoming tu-rbuleqt 

~ 

increase) e . .  

by mearm of boundary-layer suction, pomibly in  combination with 
prof i le  f o m  with f la t  pressure distribukion. 

In  order t o  study the methods f o r  keeping the boundary 
layer laminar f o r  a longer t i m e ,   ne muwt h o w  the presumable 
causes of t rmsf t ion .  
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CmDm 2 

Clll33ES OF TRANSITION 

1. Tnfluence of' the Extekal Pressme Gradient 

on the Transition 

Transition tests ahowed that, i n  general, Yne trmsitlon 
takes place a f t e r  a Blight pressure increase i n  the neighborhood 
of the point of laminar separation, as long as  an external tw- 
bulenco does no+ affect  the transit ion (references 2, 3, 10, 12, 
13, 15, 16, and 60) .  These observations were confls-mea by t e s t s  
of the author, f o r  instance, on an NACA 0010 profi le  ( f i g .  3 ) ?  on 
laminar profi2.w of lQ-percent an& 14--perc.en-b thickness (Pigs. 4 
and 5), on a boc3.y of revolution (fi~. 6) and., l a t e r ,  bi 1,minar 
suction t es t s .  With incseesing Re the trm.sit ion pofnt moxres 
forward more slowly TOY lminar prof i lea  than f o r  80 far oonven- 
t lonal  ones. 

These t es t s ,  as well a8 those of ch3pteer 3 and %lie l a t a r  
suction tests of chapter 4, 4C, chapter 6, 3 ,  chapters 7 act 8, 
were prefomed i n  the large wins .t.mnel. of the Ifi&3tuts described 
i n  reference 61,. The x?i.ind-tunnel twbulence WZB 

l 

1-2 
u' = 'a = 0.0040 to .O,OO@ 5 *o 

The premure gradient 9n the adjust&lc test section is very small0 

In figure 3 the pressure dAstribuLion 2 i s  plotted on an 
NACA-003-0 prof t le '  ( so  f a r  conventiona.1 prof i le  f o m )  fo r  C a  = 0 
and various R e  = 'Ot - along the chord (Wo free-stream velocity, 

t E chord = 0.6C m). The s t a t i c  pressure p was menaured thrpagh 
0.7 millimeter rp bore holes cornpayea t o  the s t a t i c  pressiu-e p o ,  
in the t e s t  section without wing. 

40 

V 

The free-strean stagnation 

J 
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pressure wa8 qo go - po (6 = undisturbed total pressurel) 
The positions of the transition point ( ~ o w s )  were ascertained 
from the break in the pressure-dfstribution curve8 at the transi- 
tion (compare transition tests on NACA 0010-profile with soot 
coating and stethoscope (reference 61~)). For larger Re the 
determination of the position of the transition point from the 
break in the pressure distributions became unreliable. With: 
increasing Re the transition point shifts rapialy forward. 

In figures 4 and 5 the pressure distribution p/qo of two 
laminar profiles (fig. 12) is plotted versus the chord with 
d./t = 10 percent, t = 0.74 14 jd/t = 14 percent, t a 0.70 m. 
The static pressure p was measured with a static-pressure tube 
of d zz 2.0-mill.imeter diameter, which was put tmgentially to 
the test point in the flow direction versus po 
In the test section for lrtmel-empty" condition)* The four 
0 .I+ millimeter cp connecting static-pressure holes of the static- 
presswe tube were located 10 millimeters behind the semicircula.r 
heac? and 100 millimeters ahead of %he sting of 3.0 r.nillfmeters q .  
A comparison of pressure-distribution measurements on .a laminar 
profile of 14 .?-percent thickness and 2 .k-percent camber of the 
profil-e mean line showed ,%hat p/qo 
respectively, was measured- with the static-pressure tube on the 
average by 0.007 and 0.004, respectively, too high, as compared 
with the measurement by means of connectfng static-pressure holes. 

(static pressure 

on the upper md lower side, 

The transition (arrow) was determined by nems of the 
stethoscope (reference 61~) and from the break in the pressure- 
distribution curves (reference 14) * 

closed test section one succeeds in establishing there atmospheric 
pressure (for model present and tunnel empty condition) 
wldistuybed static pressure for "node1 preaent'' very far in front 
of the model is approximately equal to the static pressure 
the test section at the location of the model if the tunnel is 
empty (neglecting of the wake behind model and- mspension) 

1By means of an annular equalizer opening at the end of the 

The 

po in 

It is self-evident that thereby the pyofiLe properties are 
given in such a manner as if the profile were working In a closed 
twmel, no% in the unlimited air stream. 
gated here were small relative to the tunnel cross section (2.1 x 3m, 
octagonal), the respective Jet correction was omitted {about a 
corresponding correction of qo, Uo, po for larger model dimensions 

Since the models fnvesti- 

a for two-dimensional flow. (See chapter 8.) 
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The pressure d,atrfbution is pls,ted on figure 6 f o r  a 
YO 

body of revolution of $ = 0.212 at 0.47 x L from the front 
for symmetrical flow a t  various ReL = v, (D I: maximum diameter 

of the body of revolution, b = length of the body of revolution 

UL 

= 0 .@ m) 

The body of' revolution was held from behind by a cylindrical  
st ing,  suspeqsion wires on-the body were avoicted. p wa8 measured 
versus po 
2 .a-millimeter 'p static-presslire tube. 

( s t a t i c  pressure i n  the empty tunnel) by means of a 

The positi.qn of the transit ion point (arrow) was ascertained 
with the stethoscope md Prom the break in  the preesure-distribut;ion 
curve. The sllqht superstreLm velocities re su l t  in R pressure 
increase and t ransi t ion far t o  the rear ,  

Drag measurements: A t  the end of &e body of revolution a t  
the junc'bme -to -the s t ing  the bounclayy-layer prof i les  were measured 
f o r  symmetrical flow a t  various ReL, The total. pressure q fn 
the boundary layer vas deternine& by. means 6f a f l a t  t o t a l  head 
tube of 0.P-milllmeteP x 2.5-millimeter Inner CTOSEI sectron and 
O6$-ni3.11meter external height, The s t a t i c  pressure i n  the boundary 
layer was measured- 5y meaxis of a 200-mil l im~ter  sta, t ic pressure 
tube. F r m  the boundwy-l.ayer measurement at  the end of the 
body the momentum-loss area X, far t o  the rear was calculate3 
for the undisturbed static pressure po accor4ing t o  Young 
(reference 56) a 

The drag coefficient cwo and cvH, referred t o  the boiay 
surface area 0 = 0.36~2 and the maxinun cross-scctlon area' 

X D2 = 0.02fj4 mQ9 . respoctivelr, then bcco~~&s: 
' 

aecreases w i t h  R% at 
cWO 

c (ReL) is  plotted on figure 6. 
f irst  similarly .to the, f r i c t ion  of the l d n a r  flat plate  

wO 
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see Blasiua (reference 4-7) and. increases again f o r  cwR E -;iTs' 
higher R%, due t o  more pronounced shif t ing forward of the 
t ransi t ion point (obsemations by stethoscope), caused by the 
tunnel turbulence. 
maximum CYOSS section resulted as cwH L= 0.0196. For smaller 
Re, 
the end of the body undergoes laminar separation and does not 
readhere with the propertiea of a turbulent boundary layer, therby 
greatly increasing pressure am1 t o t a l  drag, 

The minimum drag coefffeient referred to the 

stethoscope observations showed tha t  the boundary layer at  

The position of the t ransi t ion point c m  be determiner?. i n  

fa) From hot-wire obscmations (compm-e, fo r  instance, 

(b) By measurement of' the t o t a l  surface pressure along the 

different ways: 

Dryden ( reference 21) ) 

chord w i t h  a fine t o t a l  head tube (references 2 and 10) 

(c) By bound.ax-y-la,yer measurements (compa~e, for instance, 
(reference 16) ) 

(a) From the break In the pressure-distribution curve at  
the t ransi t ion,  came3 by the sudd-en decrease of the 
d.isplacemont khickness 6* a t  the transit ion (compare 
A + Fage (1-eference 14) and the pressure4ietribution 
curves OP figuxes 3, 4, 5, 6 ,  39, 4.0, 77-10, etc., 
compare a l s o  calculations by A .  Bet2  (reference 77) 
f o r  discontinuous change of the culxature) 

(e) Acoustically by stethoscope observations (reference 6 1 ~ )  

( f) 3y soot coating (reference 61~) 

( g )  By measurement of the total. head of the boundary layer 
along the chord at  a greater distance from the w a l l  
( reference 2 )  

A s  long as the t ransi t ion is caused by an external presswe 
increase and not by an external turbulence, it takes place i n  a 
narrow comparatively well-d-efined zone. 
then yield,  In general, the trmsition-yoint position rel iably.  

The methods indicated 

Presvmable cause f o r  t ransi t ion:  Accordfng t o  Rayleigh 
(reference 62) ,  Tietjens (reference 63b), and Tollmien (reference 29) 
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I 

laminar boundary-layer prof i les  with inflection point, as they 
origtvlate w i t h  rj..sing pressure, are unstable. 
showed that  the t ransi t ion occurs when laminar boundary-layer 
prof i les  having a s l igh t  reaward flow i n  the neighborhood of 
the w a l l  exist (compare, f o r  instance (references 10, 13, and 78), 
t h i s  w a s  coxlfimed by t ransi t ion observations of the autho-r with 
soot coatlng fo r  medium Ee. The originating of swPficiently 
strong vo.rtices i n  tbe imnediate neighboFhood of the wall ( a s  they 
form, f o r  instance, f o r  Zarqer I-aminrzxl pressure increase, f o r  
discontinuities i n  the suT'fLLce, by an external twbulence, or fo r  
tube flows with sharp-edge fnl.et) seems t o  be required Ear the . 
t ransi t ion (compare I; , Prmdkl  (reference 63a), <T * Patry (refer-  
ence 64), and L * $chill.ep (reference 79))- 

Trmsi t ion t e s t s  

The ReJqo1d.s number Re1 = ' -- I. refemed t o  the d. is tmce 1 
V 

between the laminar sepamtlcn point 8nt3. the start of transiLion 
resulted as R e 1  = !kO,OOO t o  70,000 
turbulence does not a f fec t  the t ransi t ion (campare r>eferences 9 
and 10, confirmattion by measurements of the autixw) U mean 
volocity c t t  the e4ge o f  the boundary layer between lasninar 
separation point and  start of t ransi t ion 

as long as the external 

For veyy weak external tur%ulencs md larger  Re the tran- 
s i t fon  f o r  laminar profi les  is probably t o  be expected i n  the 
region of the l'minar separation point ,  

2. 3Cnfl-uence of an External Turbulence on the 

Transition; Turbulence of the Atmosphere 

(a) Various drag measurements ana transftion measurements on 
f la t  plates,  y o f i l e s ,  and. bodies or" revolixtion ha& shown tha t  for  
larger  Re,ynold.s numbers the transit ion,  under the influence of the 
external tv-rbulonce, takes place considerably far ther  i n  f ront  and 
t ha t  the drag increases again. 
t ea t s  of the author on laminar prof i les  without boundary-layer suction 
(see, f o r  instance, cw, (fie) of a profile of 3.33-percent 
thickness (chapter 7: fig, 88, curve a, anr3 corresponding positton 
of the t ransi t ion point, fig, 89, a l s o  figs. 7, 8, and 10) and on 
a body of revolution w i t h  f l a t  pressure dis t r ibut ion and t ransi t ion 
lying far back ( f i g  . 6, chapter 2, 1) For lmger  Reynolds numbers, 
individual turbulent 'bursts were determined i n  the boundary layer 
with a stethoscope which occur more and more frequently downstream 
with increasing bound-ary-layer thickness un t i l  %he boundary l q e r  
becomes f u l l y  turbulent. The t ransi t ion takes place i n  a more o r  

The same observation vas made i n  
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l e s s  wide t ransi t ion regton; i ts  posit ionis less rea l f ly  ascertained 
according t o  the methods ind.ica,ted In chaipter 2, 1 than i n  the case 
of transit ion due t o  external pressure increaBe. A renewed increase 
of the profile clrng due t o  the external turbulence wa8 also observed 
for laminar prof i les  with bounaary-Xayer suctlon, fo r  larger 

U t  Re = -&- (figs.  18, 88, 95 o r  chapter 4, 4c9 chapters 7 and 8). v 
(b) Causes of transit ion fo r  transition due t o  an external 

turbulence: 
considerable velocity fluctuations in  flow direction origtaate In 
a boundary layer (see Tollrnien (reference 2&), G. J , Taylor (refer- 
ences 11 an8 18) and Dryden (reference 21)), thns causing temporarily 
unstable bomaary-layer prof i les  -with Inflection point an& f 1.nally 
reverse flow i n  the neighborhood of the wall. The transit ion then 
occurs, as i n  the case of larger laminar pressure increase, d-ue t o  
the formation of vortices a t  the surface, 
turbulent discontinuities which become m r e  and rnom frequent 
dometrean with increasing koundary-layer thickness mtfl the 
boundary Layer i s  fu l ly  twbrilent. 

By the external tw'bulent velocity fluctuations 

There originate isolated. 

G. I. Taylor (reference 28), B a l l  and H i ~ l o p  (reference lo), 
Fage an6 Preston (reference E), and. Fage (reference 30) attempted 
to  find a cr i ter ion f o r  the transit ion due -to rn external- turbulence. 
They asswned that  the transit ion s t a r t s  when there originate, under 
the influence of the external turbulent pressure fluctuakj-ons, 
momentarily boundary-layer profiles with ver t ical  tanGent, %hat is, 
X Pohlhausen = -12, or, respectively, i t s  Snean square value 

. .  

According t o  G; I, Taylor (reference; 11 bnd 18) turbulent 
pressure fluctuations originate In t;ne case of a' external tur- 
bulence, t he i r  me'an square value f ~ ,  ' f u r  isotrope tm-bulence, 

with 

%2 
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J 

)Lq f l o w  (Aq = length of the diffusion). 

significant for the dissipation) were, for inetance, experknsntd.1~ 
determined by H a l l  and Hislop (reference 10) fkom temperat.ure 
distribution measurements behind a heated wire and from menlsurements 
of correlation behind g r t d ~  .). 

i s  a parameter connected, wfth the diffusion i n  E), tturbulent 

(Irl and A (mean magnitucf.e of the ma l i e s t  vortices 

for isotroge turbu- :'dp',' 
\Z) Taylor deduces by Snsertion of 

lence behind. a grid (mesh width M) that the cr9t ical  Reynolds 

nmber i s  R function of Rexcrit ical  

wherein A = conatant, 

according t o  Taylor. This  relation w m  experimentally tested by 
R a l l  an6 Hislop (reference 10). According t o  it, Rexccritical 
increases with dirnini shing valuee (&) 
than acconting t o  tlie theory, tha t  is, X decreases w i t h  

incmaaing Re, This circumtmce nay perhaps be explained 
from the f a c t  tha t  a sufficient1.y strong reverse flow a t  the &i,l.1 
(X< -12) and- not only X I- -12 ' (mrtlcal ,  tangent $0 the velocity 
profile) is4 decisive f o r  the transit ion.  For sma11. Rex larger 
negative X-values are necessary f o r  the transition. if one assmet3 
the reverse flow required f o r  tra:isition t o  be of equal strength 
(with equal circulation) . 

0.2 '\ p5) somet&ia.t more SI-owly 

c r i t i c  a1 
c r i t i c d  * 

Turbulence cr i ter ion bP FarJe {reference 30) : Under the 
ammption that the transit ion starts when momen.tarily a c r i t i c a l  
ne2ative X-value is reached d.ue to the  ti*iinkulent-prossure 
fluctuations, Page finds that  the  vc3,I.ue 
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. .  
ought to be constant, with , 

L turbulence scale(Fy dr) ' ' 

* 

Ry correlation for velocity fluctuatlons in 2 points at distance 
y perpendicular to flow 

at the transition 
e*cr i t ic critic a1 

Fage finds that EL decreases with increasing Reo c r 1 tical. 

For accelerated or for retarded flow the transition occurB, 
due t o  external turbulence, at higher or  at considerably lower 

' eecri t ic a1 
and 4 

-values, respectively, capare, for instance, figures 3 
Influence of the atmospheric turbdence on the transition: 

The turbulence measurements in flight by Stephens ma Rall 
,(reference 32) had given the result that, in their tests, the 
influence of the atmospheric turbulence on the transit-ion was . 
negligible, In most cases, the turbulence-degree of the atmosphere 
was very a n d l  : lL 9 0 .om3 f o r  U % 46 mfsec in taka air, 
U = velocity outside the boundary layer. Considerably larger 
turbulent fluctuations were found for unstable stratification of 
the air ( u' /U 2 0.003 f o r  U = 46 m[seq) ,- however; &de to the 
turbulence scale which was so much 1arger.than in the wind tunnel, 
their effeqt on the transition was, accordinq t o  Stephens and Hall, 
of secondary imqortance . 
Stephens and Hall found the fluctuations in the boundary layer to 
be consiaerably snpaller in flight than in wind.-tunnel tests (refer- 
ence 21) * 
layers in tunnels of l o w  turbulence (reference 6) and in tests of 
the author with a tube flow at low turbulence. 
in flfqht on a laminar profile .of 15.9-percent thickness seem to 
confirm that the atmospheric turbulence affects the transition only 

? 

U 

(Magnitude of the smallest vortices w 0.3 m) . 
The same observation was mde in tests. of laminar boundary 

American measurements 

slightly, even for larger Re (reference 13) : For Re e 'U,t - = 19 X 1 .O 6 V 
and a Mach number M = 0-52 the measuree valxe was 

which from the viewpoint of calcul.atian would correspond to amem 
position of the transition point*(mean of upper and lower side) of 
about 0 *68t from the front in the region of the point of laminar 
separation . 
transition give a Reynolds number Re0 - - 

cw, 5 0.0030, 
, A  

From boundary-layer calculations, shortly before the 
= 2600, referred to the 
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momentum loss thickness 8 ma the veloci'ty TJ a t  the eage of 
the boundary layer, tha t  fs, essentially more th&n vas observed 
in conventional wind tunnels 

8 = momentum lass thickness = p (1 .- 8) aJr 

*o 

w i t h  

S t o t a l  boundary-layer thickness . I  

u velocity In the botxnaarrg layer at  the distance from the wall 7 

UO f l i gh t  velocity 

Tests of the author r d t h  e laminar-tvbe f l . 0 ~  in  the 8tax*ting 
region showed tha t  conslder&ly hipher Re 
free stream free of turbulence. 

can be reachen f o r  a 

_c__-I_-IcIc-..--_c-*__I Tests With a laminar-tube flow i n  the stprnq region*- The 
purpoee of these t e s t s  vas t o  obtain hiq;h I.am;nar Reynolds numbers 
by means of a laninw-tube flow i n  the wtxwtinq regjon. 

T e s t  arrangement .- A conical- ialst funnal. o f '  0.9 meter length 
' (maximum diameter a t - the  entrance 0.18 m) wade fixed t o  one end of 

a cylin?rical  anticorrosion tube of 6 meter l e n 4 h  ~ n 3  0.025-meter 
inner 'diameter. The t rma i t ion  t o  the ti.ibe vas smootli. A t  the 
entrance of the i n l e t  funnel was a r e c t i f i e r  conuisttnf., of circular 
tubules of 3 miillmeters cp, abaut 0 ,l.--rniII3.meter wz,l.T th%ckness 

the other end of the tube whlch wa8 connected with the evacuated. 
supersonic tunnel of the Inst i tu%e ('reference 61& The air w a s  
su-cke'd from the space. 
funnel w a s  kept as small as possible, 

. a d  0.2 meter Ian-8th in stacks. A L a ~ a , l  iioze1.b was attache3 to  

The air motion a.% the entrance of the in l e t  

Measurements.- _u.c The s t a t i c  pressixe a,lon:q the tube w a s  me%swerl 
with 0.8 millimeter cg connecting: static-pressure holes vi-l;h the  
atmosphere as reference l eve l .  Fiwther, the sts.te of the boundary 
layer along the tube was tested with the stethoscope (reference 61~) 
which waa attached t o  the static-pressure boles 
velocity WEIG obtained &xn.igh the 1,cl-j.al. n v z z l e  3t. tbe rear end of 

Conntant air  
5 
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tfne tube. and disturbances from upstream affectfng the boundary 
layer of the tube were avoided. With thj-s test  arrangement the 
tube flow could be kept laminar up t o  considerable Reynolds 
numbers, it is  true, accelerated flow existed. The maximum 
stamation pressure a t  the  end of the tube, i n  i ts  center, with 
laminar boundary layer up t o  the en4 of the tube, amounted t o  
180 kilograms per meter*, corresponding t o  a velocity of 56.5 meters 
per second i n  the center of the tube. 
according t o  L Schi l ler  (reference 83), resultecl. i n  a total 
boundary-layer thickness 
the following Reynolds numbers : 

The numerical. evaluation, 

6 = 6.2millimc.tei-s a t  the tube end and 

and 

wi th  

U 

u 

r 

R 

velocity a t  the ed.ge of the boundary layer 

pariable radius 

tube radius (0.0225 m) 

So far, sphere o r  hot-wire measurements were performed 
frequently f o r  deterrninatlon 'of the turbulence. 
i n  particular, becomes unreliable when the external twbulez-W 
i s  very weak. For many purposes, f o r  instance, the application 
of wind-tunnel t e s t a  on laminar profi les  t o  f l i g h t  conditions, 
the Reo-values, which c m  be obtained with a lavninar boundary 
layer and a f la t  pressure distribution, are the main object of 
in te res t .  The manner i n  which Ynese values are reached i s  often 
of l i t t l e  importance. 

The sphere test ,  
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LAMINAR PBOFIIXS MITE TKE TRilFJS~IOE Tl%XX'JG PLACE FAR 

TOWARD THE REAR (WITIIOUT B O ~ ~ Y - T , A ~  S~JCTIOE) 

1 . General. Considerations 

Since the t r m s l t i o n  O . C C V ~  mostly after a s l igh t  px-essure 
increase, probably those Drofile f o m s  w i l l  be favorable f o r  
keeping the bounikary-layer ltzm%nar for a longor t h e  i n  whlch the 
pressure distyibution 5,s flat a c l  the pressum increase l ies ,  fa2 
toward the rear 
superstrwm veloci t ies  nnd thus higkek Mach numbers trithout 
compression shocks) cf co'u.rse, sepantions i n  the region of' the 
pressure rise must be aQQ%ded, I 

The f l a b  gressu.re dis t r fbut ion results i n  smalf-er 

Profiles w i t h  such pressum d.i atrlbut8.10ns have the maximum 
thickness a t  (0.4 t o  0.5) t fi-om the front .  

2. Prelimfnary Tests on Lam5nar Prof j-lm 

2 fo r  Smoo-bh Entram e 

A 'few nlightly ccmbere? l.amlnar profiles of vaxious thicknesses 
were desiaed. nccorclt~q $0 these cbnsld.eratlcns ( f i g .  9) 

The prof i le  d r a g  FYRS d.ete.mfne4 fo r  m m t h  entrance for  various 
%t Re =r - by moan8 of' the momentum method. 

reference 61c) ( f ig .  10) .) 

(See, for instance, 
Y 

The laminar profiles invest i ,pted here are, fos larger Re, 
superior with respect t o  drag t o  profiles of equal. thickness used. 
so far. (Compare w i t h  the TJACA grof i le  23@12*) With 1ncreasj.ng 
Re, c decreases more rapidly t h m  fo;? conventional profiles. 
The drag increase f o r  larger R e  (caused by the faster Porwayd 
t rave l  of the t ransi t ion point d i e  t o  the external tixrbirlence) 
starts a t  hisher Reynolds nmbers than i L  dld for profiles used. 
so far. 

wca 

-- _1_- 

2 Smooth entrance: No f low aroiwa the prof i le  ?new l ine  at  d 
the nom of the w i n g .  
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For smaller Fe the laminar profil-ea become more unfavorable 
with respect t o  drag since the botmda.r;r layer remiins laminar f o r  
too long, therefore undergoes lamina?? separation i n  the rear  part  
of the profile and does not readhere again i n  a puxely turbulent 
manner , 
thereby otrongly ' increased By ar t i f ic ia l l -y  creating 8. turbulent 
bomdary layer in  the region of the point of l&mw sepa,ration 
it i s  possfble, i n  m y  cases, t o  prevent a more extensive lamlnnr 
sepa-sation an& t o  obtain a +mWiient readhering of the boundary 
layer connected with a correspon&ing dym decreaee. Thus, the 
drag of the thin lanlnar profi le  nurdber 7 fo r  em.ller Be 
be essentially reduced'bg blowing-off of a i r  from f ine blowin6 
holes which ren&ered the,bounda,ry layer i n  the region of the pofnt 
of l d n a r  separation turbulent. 

The blowing holes of 0.8-millimeter cp md ~-rriZJ-I3.mater 

(ObsemBtions by stethoscope , ) The pressurre drag is  

could 

Length wero placed vertstcnl2g. t o  the wfng surface, they were cn 
tho upper side 133 milllimeters, on the lower side 91 ail l imeters 
ahead of the t r a i l i ng  edge, The wing chord we,s t = 0.60 meter, 
The spacing of the holes w a s  26 millimetersa Ths t o t a l  energy o f  
the air  at the entrance of Yle %loving holes m s  p r a c t i c ~ ~ l l y  equal. 
t o  the undisturbed t o t a l  head in the tunnel, Twbul.en.L; wedges 
originated behind the blowing holes (observations by. stethoscope ana 
w i t h  soot coating) which rapidly fused, thus causing the bowldary 
layer t o  become turbflsn.1; ovez the en t i re  spm. 

rs 

The mean profile d.rag ctrw over the eeries of 8 arsd'holes fi0i 
waB meaaured %y the mornenTmn method at varioun Re = - a  

followtng drags resulte? : 
The 

v 

Re = 1.65 x 10 6 , l , l 3  x 10 6 ,0.76 x 10, 6 0.52 x 10 6 

6 cwoD was reduced mainly i n  the region Re = (0.6 t o  1.7) x 10 

to 0.6 x 106) t m ~  obtained by placing the 0,8 millimeter $ 
blordng holes far ther  t o  .the front of the wing (on the upper 
surface 155 millimeters, on the  Lower Burface 110 millimeters abead 
of the t ra t l ing edge) for equal spacing of the holes. 

A further slight drag reduction Tor m l l e r  Ee (0.3 x 10 6 

Test resul ts :  
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6 6 -  6 Re = 0.33 x 3.05 0.70 x 10, 0.68 x TO, 1.10 x 10 

For larger Re, cwm is  larger  t'hm fo r  the cam o f  the blowfng 

holes lying far ther  toward the rem. 

The dashed. c w m - c ~ c '  a2 ffgum 10 of' prof l le  nmbcr 7 gives 

the optimum clrm-values for  the hos t  PavoraQle position of the 

blowing holes i n  the directidn of %he chorrl, 

Fwther tas tn  &o.wsd tha% the gpwing of the holes, t h e  hole- 
diameter, and the t o t a l  he&& at the entrance of the Blowing h o b s  
may be M.d.ely varien in  order to  make -the boun2arg layep Pox 
smaller Re a r t i f i c i a l l y  turbu.len t . l?~r smallel. R e ,  boundary - 
layer meaeurements a t  the tm.il3,ng edge of' ?-,he 6lnf:, w i th  md 
without blowing holes, restxl%ed 3.n considerably thinner. and  f u l l e r  
bown&exy layers ( la rger  sd"l@. values) when air van bl.~m lnto 
the boundary layer ,  

turbulent; i n  a desired place by other measwe8, 'too ( s t e p  in the 
mwface, considerable rou+@mesaes, etc .), compare, f o r  inslance, 
the t e s t s  with the profile nmbey 32 of 6-percent thickness with 
disturbances, (See the appen3ix.) An increase of the m@.e of 
attack beyond tho angle of smooth inf1.o~ hm the 8me effect  in 
obtaining f o r  smaller Re a ;tu?bu-l.enct readherine on the 1.1pper 
side an4, hence, a smaller prof i le  drag, 
of the propellor prof i le  nimber 1.1. POT smaller. R e  (fig. 1-1) * )  

Similar t e s t s  showad tha t  a laminar. b~?;mdary h y e r  can be made 

(See profile-fi.w,{T polars 

3. Lmlnar Profiles %'OF PE)ropelLers 

On the basis of the prelimlna-sy t e s t s  described. above, pFopeller 
prof i les  with highest possible l i f t -drag  ra t ios  were developed a.t 
znodemte ca, and with small superst~ec&m iwloci t ies ,  A few t e s t  
results on a propeZZer prof i le  of 9-pez.cent %hichess  (nrmber 11) 
are shown as an example (See f i g .  11 ,) 

The corresponding profi le  coordinates rmy be seen from the 
table o f  coordinates 
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The investigated wing was. g,ilkir FTing of b = 1.50 metera 
span, t = o ,232 meter chord and. B:= 0;;37k;-me%er* area of pro3ection 
(= mea of reference) . The-wing-,pqds, .seen f roa  the front, vere 
rounded Bemlcircularly. ' ($?e, .,fgr+ -@stance, reference 6 1 ~  b2/F = 5 *98*) 

. . ~- 
Measurement 8 . - ( a)  ~ e t e m i n n t i p n  af : ., 

, .  
: .* * '  . .t, . . , : . . . a i  . . .  . r , I ' '  

.. 
, . . .  ". I 

I . . s .  

'@m various "angles of attack by mews of three-component meas&ements . 1 . .  
.. 

(a) MoWnttim-measurements ( total pressure and ' s ta t ic .  p$e@'spe) 
0..146 meter behind the wing Ln a w3ng section 0.22 meter lal%raLly 

% 

' 
.- ('1' Transition meamrements with the stetboscops 0,22 qeter 

y later@Jy . < f rom the,.w$pg plane of symmetry fo r  vartous R e  md xca 
( s t a ~ t  of transitT,on and beginning of the ful ly  devkloped twbaent ,  " .  &d;Zi.;y' Iayepj . *  .* .. ,. 

' .  I 

0,a-increasing ) 
' me bhord of the c&b& l ine  tms chosen 8 l ine  of rcfekence 

f o r  a. The point of reference for  cmt/4 
5 .  l i e s  at  a distance of , t f4 from $he fx-ont on t h i s  line. 

' ' The ' j e t  corrections f d r  the downvash and the induced dra 
the qlosed tunnel were calculate6 accord.ing t o  de IIaller (reference 84) . 

*'  

The momentum measurements were evaluated in the custm~ary 
mannerb The local l i f t  coefficfent c, at tine momentuza measuring 
station was put equal. t o  1*1oc,b 

ca with' bW, a t  various Be (momen%um mequreqmts); and the 

beginning of the developed turbulent bomilary layer on upper and 
surfaces f o r  various ca an,d B e >  

A few t ee t  resillts can be seen from figure 1.1: variation of 
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I n  a31 optimum c a - r w e ,  decreaeing w3ta increasing Re, 
the t ransi t ton on both wing  surface^ occurs fCw towmd'the rem 
wbick resu l t s  i n  low profi le  d.mqs, When.this range 18 6tzceeded 
the drag increases and the t ransi t ion pain% on upper and  lower 
sides travelrs rapidly forwmd, the reason is %he appearance of  a 
suction peals a t  the wing nose due t o  the wgle.df attack, For 
larger C a  a s l igh t  local  turbulent ~lepai-ation 0cc1~1-s on the 
upper aide ( t u f t s  a d  stethoscope obeervlztions) c decreases 
w i t h  increasing R e  somewha,t more Slowly .than the fam5nar Prictfon 
of the P l a t  p l a t e*  For larger H e  s,.t moderate c3-values, more 
favorable prof i le  drag-I.ifZ; r a t io s  i-esu3.2;. For mailer Re3 a d  
smooth inflow cWm deteriorates since the boundary layer of the 
upper w3nG aixifaoe undereoes Larri?.nas separation an& does not 
rearlhere with the propesities of B %urbulant boundary layer 
(abg,ervation by s t s t~~oscops)  0n3.y f o r  larger  cg, the lminar 
boundary layer is disturbed, BO strongly by tne i m i p i e n t  suction 
peak a t  the  wlng nose the% the t ransi t ion O C C U Z " ~  i n  t h e  'eo brlng 
about a twbulcnt  readhering of the boundary 1 a p r  for w l l e r  
Re (observation by stethoscope). 

+'=opt 

then d.ocxleases with 
c W W  

increasing C a ,  and c l i e a  a t  COn&.d~32?&?3ly layger ca than 

wotfld correspond t o  the  smooth Inflow, A sifnfLcz;r reduc.t%m of c 
with increasing ca had resuZte3. also i n  ea r l i e r  measurements on 
ordina.ry prof i les  f o r  smaller Re (GGtGInger Lieferrungen I t o  IV 
(reference &I) I F. Schmitz (ref&en.ce 81), 
(reference 82) etc  .) 

Wmapt 
ww 

EACA measurements 

The l i f t  and pitchingaoment d.lstribirtion c si-i3ws atmaarcl 
I behavior i n  the optl&n ca-rcgiona For larger m:zles of attack, 
discontinuities appear in c,(a) %he variations of Ca with a 

by %he thickening of the boundaavg layer on the upper wing surface 
which is caused by the forwtril shif t ing of the t ransi t ion point 
a fb r  exceeding the optimum ca-region. 

(a), due t o  the c h m ~ e  of t31e effective prof i le  camber 
and 5%/4 

The use of laminm profile8 f o r  prdpellers rcdnces t h e i r  
f r ic t ion  losses. Dim t o  *he smaller superstream veloclt ies,  com- 
pression shocks start a% hl2her Mach nmbem than f'or conventional 
profiles.  The uae of laminar prof i les  for  propellers ~11.1 probabl-y 
ra ther  lead t o  wider. blades of smaller thickness ~ ~ a t i o  w f t b  
re lat ively low oa-values under stanrhrd Slir;ht conditions, Hence, 
there resu l t s  again higher ahimlblte  Mach numbers and lz larger 
s ta r t ing  thrust .  
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4. Laminar frof i les  f w  Wfngs 

A basic requirement f o r  g ~ o d  w3.n.g profi les  i s  a large range 
carnaJr -, that As, l o w  drag under stmfiard fli@t conditions and 
'WWniin 
highest possible maximum lift wftk extended l ~ d i n g  aids. Further 
desired characteristdcs are small su.perstream. velocities in order 
t o  attain high Mach nmbers without campression shocks, low-diving 
moments cmo, steady pitching-mmenl; behavior, favorable s t a t i c  
conditions for  bending mcl torsion of the wing, ma favorable 
conditions of installa, t lon f o r  landing f laps .  
improve not only the landing but a l ~ o  the tlake-off considerably and 
should, if possible, extend over the en t i re  span. 

These l a t t e r  are to 

Eased on these stipulations, a few laminar prof i les  were 
developed which are  probably approgrfate for ?rings . 
shapcs of: l m i n m  profilea of f.0-percernt anit of 14-percent 
thicknem can. be seen from ffrznxre 12 mcl. the table of coordinates. 

The profi-Le 

Profile data: 

Thickness r a t io  d / t  = 
of the m e a n  l ine o f  

Rot = 
Chord t =  

f / t  = 

a / t  = 
f/t = 
R o t  = 

e =  

0.10 in 0.49 t from the front c -mature  :ratio 
the profile,  
0.006 i n  0.5 t from the front  
0.009 (R, = nose curvature radius) , 
0.74 meter, 
0.14 j-n 0.44 t from the f ront  
0.0247 i n  0.41. t from the front  

0.70 meter 
o ,019 

The rear  pCwt of the prof i le  qrad.iia,lly conrrerzes into a 
pointed trailttw eQe. Hence, the pitching-moment behavtlor waa 
improved as compared w i t h  lm3,nar pr.ofll.es wf-th blunt t r a i l i ng  
edge, as'tests of the author on 2anPnizi- profiles'with, vmlto~zs 
trailinz-cage angles had demonstrated. 
tnickness shows a31 S-shape camber l i ne  far toward the reas  which 
made it possible t o  keep cmo low, without considerable forrmxd 
shif t ing of the t ransi t ion point on the upper sixrf~tce. 

The prof i le  of lbparcont  

C was determined for va~ious  R e  by means of the 
wmmin 

momentum method. 
p/qo along the chad  and the position of the transitlon. point can 
be 3cen Tram figures 4 and. 5 . 

( See P fg. 7 .) The pressure di.&ribution@ 
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The pressure distrlbut%ons of both profi les  are flat. 
Pressure increase and t rmset ion occur fzr tovmri? the rear, thus 

For 3.arger R e  (S! 31: 10 6 the drag is  fncyetzsed caixsing low cw 

by the influence of the tunnel turbideizce which i s  caused by the 
more rapid forward movfng of the trm.mition point due t o  an external 
turbaence Vertfying calculations of the  prof i le  arag for 
R e  = 2 x lo& on laminar proP%Lee of var'iouig thicknesses for Vfle 
p o ~ i t i o n s  of the transit ion point, which ha.3 been experimentally 
determined, gave the following result: The d-reg increase wfth the 
prof i le  thickness i s  pkimarily due: t o  ear2ie:p tracnaltion f o r  a 
larger  prof i le  thickness, only. oecondwily t o  hiqher Porn drag and 
increased skin friction 'because of the higher superstream velocftics 
for  thicker. profflee . 

In ord-er t o  t e s t  auiSabZe 3.andiing a,$.& and ailerons for  
laminay prof i1.e 6, thrce-com$onent neaaurements were porformed. f o r  
a laminar profile of 14-psrcmt thicldes8 (f3.g. 12) on a rectanguZar 
wing of b = 1.50 metem span an2 t r 0.270 Eetor chord. 
wing ends seen from the f ront  were roimiled o f f  sornicirculaslys) 
F i w e  1 3  shows the landing a1d-s investi:;atd. in retracterl condition e 

A Fowler f l a p  C of a chord o f  0.3&8 t which extanded over t'ne 
en t i re  span was used as lazldlng n i d .  It exbends so~ie~rfiat, beyond 
the main wing taward the rear  and hence makes posslble the altach- 
ment of a trailing-edge aileran. D of 0.12'j t chora whioh ~ . R O  
extends over the ent i re  spans For stc.mdard flight condit.lons, 
thfa  a9l.eron serve8 as t i i fs t  with r e su l t i n ;  erne11 f l ap  control 
moments whereas f o r  lov-speed f l ight  the  extenr?ed FowXer flaps 
could assme the l a t e r a l  cmt ro l ,  perlmps In colnbin.a.(;!.on with %he 
trailing-edge aileron. In t l i ie m,s;nner the Fowler f2a.p may be 
constructed so as to extend 07mr the en-tflre spm. 

w i n  

fig. 8) . 

(The 

-fncTecise fox* extend.ed FOTfi7h3r flaps could be 
%&ax 

A further c 
obtained by addftional use of the trail-lnpedze aileron D, by 
extending of s l a t e  B and- A l i z t  the Fotrler f l a p  C and at the 
main p r o f i l ~ .  The retracted frot'lt s1a.t A woizZCl came, .v.lldor 
stamlard f l i gh t  conditiong, ' an early tiw%7ilence of the bowi8.ax-y 
layer on the upper wing s u r f a m ,  in  order t o  wof& th ls ,  th@ sl:p;Si A 
w a s  b u i l t  par t ly  into the upper surface of the m3.n wAng and tlrus 
a smooth surface obtained. 

Momentum meaaurements showed tha t  the profile drag wag not 
measurably increased by the installa=tion o f  Lmding a3d.s a% 
R e  = 1.07 x I O 6  when the s l o t  between Fowler f l a p  anit tra'ling-edge 
aileron was sealed, 
between main wing awl tbe twc slats also ought t o  be sealed. 

Tn the fUl.1-scale model, pyobabXy the mooves 

3 
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The receding corner on the upper wing surface between main 
w i n g  and trailing-e6ge aileron a l ~ o  does not measurably increase -. 
the drag i n  high-epee6 f l ight  (according t o  m,omentum measurements) 

I camax t S ta te  

BF = 47O, PO, = O*, 
BF = 47O, pg = O’, 
Pp, = 44O, BQ = 180, 
pF = 44’, PQ = 270, 

lc 

trailing-edge aileron s l o t  closed 
t raf l ing-edge’ai~eron slot open 

3 .40 
3 *43 
3 949 
3,68 

trailing-edge aileron s l o t  closed 
trailing-edge aileron s l o t  q p n  

is  referred ‘co %he wing chord for retracted landing flags. 
314 , . ,  h , - . . .  . ,  --5 

%ax 



The efyect of -&e tralling-ed.ge aileron of 12 .?-percent 
t chord vas  Smwstigated separately for retracted landing a,ids 
( three-component and monentum measurements f o r  Various coiitrol. 

* .  . SmfnCf3 fiefbc%iOnEi PQ,). 

(>o, a-iricraasing) were measured f o r  vasious e 
by menenturn a by mems of three-component aeabwements, cw, 

meamwenente 0.15 meter behind the wing a t  0.11 meter l a t e ra l  
distance from the wing glane of s m e t r y .  Tbe c a b e r  l i n e  was 
chosen as l ine  of reference f o r  a, . the point of' reference for 

coefficfent a t  tho momentum t o s t  point vas put equa?" to  1 . 1 0 ~ ~ .  
The Reynolds number In t h e  tame-component and momentm meaawe- 

v0t 5 6 ments was ~e z -- = 0.80 x 1.0 and. 1.07 x 10 , respectively. . 

.The test r enu l t s  cas be seen from figures .l.4 t o  1.6. 

c%/4 

lies i n  t / 4  fyom %he front on th in  l ine .  The local l i f t  
c??Lc/4 

v 

Owing t.o def1ect;ion of the tra-J.Zing-edGge aileron ejrtending . 

over tho entire span, 8 fmoryble envelope polar with low p ro f f lb  
dmgs remlts for standmd f l i g h t  condttions i n  8, consi@erable . .. , .  - . .  c,-range, (See fj.g* 14,) . .  

The tramition-point posftion In the optimum ca-range.is 
on1.y s l i@~kl .y  shiF.l;ed fcmmrd by moderate deflections of t h i s  .s 

nwmv control surface (obsemation's bj stethoscope) A t  the . '  
reced.inq comer on %he upper wlng surface betireerr main wiEg and :' 

ccmtxol swfme ,  a local sep3ration on the upper control nwface 
i w  at.oi4ed in  the optinim c,-range up .to * - p a  = 20' . ac3card&ng t o  
observations by wbethosko$e and %u€'ts, hence,' a i o v  p?rofIle. drag 
for larc<er positive control mir~ezce deflections' i s  attained e 

,For FQ, :: -5' and -LOo the boundmy layer at the nose 
the control. swface on ths lower wing m.132fa~e--~w3~'made ar t i  
Lurbi&mt by providing a reced-ing step ( f i g .  13) in  osder t 
a more sxtenaive lCmtnar aeparatlon on the bottom of the. control 
surface t o  obt(zin a turbulent 'reaweri  

of the lower TS'inG sirface fo r  .PQ 5 -5' hidemrent laminar . . 
segwatlon u n l e m  the boundary .fWef. WES wtif ic iaJJy" co&zolledc, 
a d  would not readher'e completely turbulently. Correspond.ingly, 
there resulted (according t o  momentum menswements) relatively 
large profile dragB. By providing %he receding stop F on the 
lower surface 23 millimeters shead o f  the flap noee, t he  boundary 

* Obsemations bp stethoscope shewed tha t  t h e  boundary layer . ' 

' 
- 

. . I  

d 
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6 layer becane turbd-ent at Re = 1.07 x 10 0 to 5 millimeters 
behind the latter (according to stethoscope observations) and 
the pmfile drag decreased (mornenturn measwementa fig. 14) 

versus u fo r  various and %/4 The variation of ca 
control-surface deflections 
an4 16, 

c m  be aeen from figures 15 

By deflection of the trailing-edge aileron ca undergoes 
a relatively considerable change Which vi11 probably cauae 
rolling moments sufficient for nomal-flight conditions. For 
PQ = 00 
The angle of attach- at the s ta l l  is ra,taer largor than for con- 
ventional profiles 05' equal thickness, 
n o m 1  f o r  the optimum Ca-rEtlge and decreases sharply' for larger a, 
hence,cne canattain rather smLler posi.l;ive gust loads than for 
erzrl.ier conventione,l profiles o f  equal. thickness and cambor e 

DWQ moment for = 00 is cmc, = -0,027 and may be kept 
arbS.trar:'rly smll by Smaxl negative control  surface deflections 
The pitching-moment distribution f o r  moderate PQ probably will 
be sufficiently unffomn. 

t h e  maximu lift M.t.Ilout landing aids is c- = 1.06. 

The lift increase is 

The 
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1. ,Urns fo r  Furthey Development 

The t e s t e  of chapteer 3 showed enat the profi le  draq can be 
consid-erlrcbly lowered by a suitable pmf i l e  ehaTe. With increasing 
prof i le  thisknesk the d.rag ~3-11 increase relat ively strongly, the 
main reason being the ear l fe r  transition foi. greater pyofile 
t h i c h e s s  Considera%ly Lover drags would be posftible 3y ma,in- 
taining the bovndmy layer up So the t r s i l i n g  eOge completely 
laminax-• Fox* lwger  ReynolSs numbers vel-;y l q w  drags woiild then 
resu l t  emm f o r  thicker prodilea, (See figs. 3- and 2,) 

Thus t'ne fol loxing tests were -LnG.ertakm which aimed at the 
d.evelopment of thicke?* ~ r o f i l e a  where, f o r  la-ge Reynolds nmtibers 
znd fn f l igh t ,  the homdrzy laxer rem,ins laminar up t o  the 
t ra l l i r ig  ed3e f o r  a sufficient ca-rmge. 31 order t o  obtain 
hi;yh Mach nimbem witho1i-b compression sliocks, s l igh t  m i m m  
auperstrssrn velocit ies am &sirable, tilat Zs, the pressure dis- 
tr ibutlon i s  supposed t o  be m5fo.m far toward the rem. 

Boun2.ary-layer suction made I t  possib1.e t o  maintain in the 
present tea t s  %he boundax-y layer completely laminar np t o  the 
t r a i l i n p  edge 

2 Effect of: Sv.ct.ion of Laminar 3oun6ary Sayer 

on ths FLOW Chwac tei*istic s 

The suction of a l a a r  boundmy Ia3er has ~arlous effects:  

(a) Augmntation of the laminar pressure increase: According 
t o  chapter 2, 1, the traylsitlon occws f o r  a %7e& lamfnw pressure 
increase caused by lmximr seqarrztfon of the boun8.ax-y Layer. By 
elimination of the greatly retardeh portfon of the boundary layer 
in the nei@%orkood of  the w a l l  w i th  rising pressure, by means of 
suction (throm separate s l o t s  o r  by au'ea suction) the laminar 
separatior, an3 hence the t r m s l t l o n  could be avoided even'f'or 
consfdemble pressure inc,reases. A favorable effect  is created 
i n  many eases by the 80-called sink effect: 
suction acting as sink pro4uces in  Its neighboyhoad nn additional. 
pr88mre F i e l d  wlth accelerated flow. 12;s superposition on the 

* 

Th.e location of 
.& 
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external flow at the locatton o f  suctiontresults i n  a steeper 
pressme increase from the f lmr  conditione immediately ahead of 
the suction point t o  the stagnation point behind the suction slot-* 
Hence, the remaintng pmasure’increase d.mg the  wall is  
eorresponaingly re&uced, I 

U t  
(b) Attainment of higher Reynolds nmbers Re = -9- with 

V 
laminar bounda-q layers: According t o  chapter 2, 2 (influence, of 
an external turbulence on the transit ion) one obtains f o r  a given 
external twbulence t r i t h  a laminar boundary layor, a maximum ‘ 

(U = velocity 
Re%i t i d a l  c r i t i c a l  c r f t l c a l  Reynolds nmber 

a t  the e&ge of tho boundary layer .) Since the increasing of 8 
a d  ne6, respectively, along the chord can be reduced by bo7 #$””” . 
1st;yer suction, it should be possible t o  o b t d n  hI&er Re =’- v ”  . 

(c 1 By bowdary-l-&yer suckion and reacceleration nf tho  suction 
air t o  free-stream velocity, a part  of the relatively large kinetic 
wake energ2 02 the laminar boundary layer crm be recovered and. t h e .  
pover required fo r  propulsion can thus be reduced. Professor Ackeret 
(reference 65) w a s  the first t o  point out the possibil i ty of 
reducing the power requirecl.for propulsion of airplanes by u t i l i za-  
t ion of tho klnet-ic wa.ke energy. 

(a) With the aid of boundarplayer suction the bounaary layer 
could be maintained completely laminar fo r  a larger range of angle 
of attack i n  spi te  of the occurring reater  pressure increases 
which wouM extend .the Ca-WEIkTe w i t  P 1 low drag. 

3 .  Statement of the’Problem 

A boundary layer on thicker profiles f o r  larger Reynolds 
nwber kept corripletely laminar w i t h  the aid of boundary-layer 
sz?ct%on i s  equivalent, t o  the mlntenance of larninar boundary layer 
f o r  high Re with simultaneous strong pressure incx-ease. In 
order t o  obtain lowest possible nrags the losses in the suction 
s lo t s  m u s t  be rediicad-. The boundary layer continuing behind the 
suctioil s l o t s  i s  not t o  be additionally dfstlxrbed by the suction 
I t s e l f  , 

’ 

Besfrles, the customary stipulations fo r  wings must be observed. 
(See chapter 3 and 4.) 
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without stzctfon 

Tn carrying out the tests the problems connects& wlth laminar 
explayer  suction vere at  first investitgated separately, 

s tep by step, and then gradnalJ.y'combfned. The t e s t  sequence was 
as follows: 

1, Test wfth laminax b0undax-y-layer suction on a s l igh t ly  
camberod prof i le  of 6.73rpercent t h l c b e m  with a single suction 
s l o t  in 77 percent t from the leading edge on the upper surface t o  
f.nvea%fgats the basic aptitude of boi.mdary-la;yer suction f o r  
maintrzfning EL boundary-layer laminar (chap2;er 4, 4). 

A win.g with laminar boimdmy-lapw suction of equal strength 
and r ig id i ty  shoukt not become much heavier than customary wings 

2 .  Stuay of the lam3nar pressure incsease with boundary- 
layer suction i n  sepiarate slota f o r  smaller t a  mediumReynolds 
numbem Re (chapt.er 9) e 

s l o t s  fo r  Iaminar botmdary-laTeer suctloa (91-0% losses, sink 
effect ,  s l o t  fl-ow, etc,) 

4, Tes% f o r  obta!.ning higher Repcdds numbers with laminar 
boun4my layers with the aid. of boundary-layer suction for 
Intentimallg sm13. external preamire. increase and nomd. wind.- 
tunnel t:xt9m.lence (chapter 7 ,  Tests on a Thin Symne-Lricd Profi le  
with Suction) e 

3. More BeLaiTed inveatigation of the flow in the suction 

(see chapters 5 a d  6.) 

T I  Investigations of' the ay bound.ary-layer suction 
f o r  larger pressul-e increase $her Re;?nolds numbers on a 
a1SglItl.y cambered prof i le  of l.O.5-pemsnt thickness w i t k i  con- 
ventional thickness distPibution (without. extended P l a t  pressure 
dis t r ibut ion ahead of the pressure r i se )  I (See chapter 8.) 

4. Ristory of Development of the Laminar 

Boundary-Lwer Six t ion 

{a) In 1928 t h e  assumption was expressed f o r  the first t i m e ,  
by B. M. Jones, t ha t  8, bomd.ary layer m i g h t  perhaps be maintained 
laminar foy a, lcnger time w i t h  the a3.d of' boundary-layer suction 
which would reduce the fr ic t ional .  drag. 

(a) L Prmdt l  cdcula ted  the laminar boundary-layer 

C' . 

: I  

. .  I '  . 

* .  
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(c)  Laminar snctlon tests on a sli@t?.y cambered prof i le  of 
6.75-percent thickness. The first teet ,  made f o r  the purpose of 
ortentation, on a s l i&t ly  cambered profile of 6.75-percentl thick- 
ness with a s i n d e  suction s1.0-1; i n  77 percent t from the leading 
edge on the upper surface (aut- 1940 md winter lglc0-41) showed 
t h a t  it i s  possible, by bomdary-l.ayer suction, t o  maintaln the 
boundcwy layer conpletely leminar an6 t o  obtaln l o w  prof i le  drags. 

The investigated prof i le  (2) with the suction slot can be 
seen from flgvre 17 . The wing was momte3 beween end d.isks i n  
the wind turnel of the Ins t i tu te .  

Data : 

Chor3 t = 0.471 meter 

Proflf.e JGhickncss cl/t = 0.0675 i n  0.394 t fron 
the feadlng edge 

Rose cwva=tuxe radius R o / t  = 0.0035 

Slot; i n  0.77 t From the leacling e5ge on the upper surface, 
minimurn s l o t  w i c l t h  s = 1.3 ntllime.f;ers and s = 0.9 m’i.11imeteq 
slot directed toward the reax a t  m artgle of 43” t o  e’ne surface. 

Th3 suction 813t was developed as a diffuser  with en 8’ opening 
angle i n  order to convert pa& of the kinetic ener,v of the 
sucked air into pressure and hence obtain smaller negative pressures 
i n  the suction chmber m d  smaller pressures and pover require- 
mente f o r  the suction blover. 
as a diffuser fo r  the purpose of a paytial  conversion of the 
velocltj. energy of the sucked a i r  into presswe was f o r  the first 
tSae successfully applied i n  t.uu;lsulent suction tests by A .  Gerber 
(reference 69) on 9 suggestion by Professor Ackeret . 

The development of the  suction s l o t  

The s lo t  inl,et was dcsimed on the basis of a thesis  by 
H BleuLer, .Envcotfiga%3& by Proi”eesnr Ackemt. 
treated by H. RZeiLLer a@ a free j e% with constant pressure along 
the Jet  edge, under the assumptioa of f r ic t ion less  flow. 

The sl.,uk f l o w  was 

Drag measurements: 

t wing chord (0.451 m) 



slot length (0.324 m) 

mea of reference (t t )  ( o ,146 mp) 
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I 

&infmm s lo t  wl.dth 

mtiistzwboi3 total. pressure oiits2de of bomdary layer or 
, 

wdm,  measured wtth atmosphere 8s reference level. 

~tetic prssmre in  center of side wall of wtnd tunm4 a t  
beglnnhg of test section, measured with atmosphere as 
reference Level 

free-stremi dpvuxtic presswe, kilogasns per meter2 (go - po) 
f ree-s t rem velocity meters per second (4%) 
s+,a-bic pressixre i n  center of suction chmbe:r, meamxed 

compared v f t h  po, kl3ogram.l pexa meter2 

sfictfon blcwer presrjure, kilograms per meter2 

aean velocity of smkad a f r  perpendicular t o  w?-ng in  suction 
chavuber a t  location of statAc pressure measurement 

- a t  t h i s  Suction quantity 
L.-. & Goss section of the sractf.on chmber 

ex i t  vel-ocity OS sucked air rearward, in  freo-stream direction, 
ms-ters per second 

suction quantity (m3/~) -masure5 by calibrated venturi nozzle 
of 17.4 ntllimetera $ a t  narrowest c r o ~ s  Rection a??d 
24.0 millimeters $d ahead of nozzle 

d i  aplacernent thlckness ahan  of suction s l o t  

U W t  vhere U = velocity at  ettee of bounaary layer ahead 
of She 

Reynold-s number (! !  
Drags : 

total profile drag decisive f o r  propifision 

W,' dr% contribution o f  wake 
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Wg 
Dimensi onle s s c oe f .PIC i ent s : 

cQ suction- quant.$ t y  coefficient 

c suction-blower presmre coefficient 

drag contrlbution of suctlon blower 

~~~ 

*g 

Pa ~ i o -  . 
Pa c = -  

c coefficient of t o t a l  profZle drag 
wc?J 

c I Coefficient of drag contrlbution of wake (deteimined by w, r$) momentm measurements In wake) 

coePPicient of drag contribution of suc tfon blower 

Measurements: The wtakic pressure p, w m  measured, fo? 

~~) cw B 

vawious Re = -- lJot and suction quantities Oa, i n  the center of 

the sixtion chmber (with 0.5 millimeter $ pressure holee) 
Momentum meamwements were performed 0.173 meter behind the wing. 
The s l o t  wiath s was 1.3 millimeters and 0.9 mi l l imte r .  Tlie 
s t a t e  of the boundary layer on the upper siarface behinfi the slot 
was ver i f ied with a hot  v i re  (references 21 and 61b), by soot 
coating and aeotzsticaLly by stiethoscope (reference GLc) 

Drag evalnat3-on f o r  boundary-layer suction (compare also 
0 Schrenk (reference 75) 

L e t  the sucked. air be accelerated., rearward i n  f l t g h t  direction 
tg' the velocity UA. The motive power Lg of' the suction blower 
(-efficiency qg) then i s  

tr 

where 

3A2 - pa - Pu * = Suction-blower pressure 2 L  
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The kinetjc enaqy +k2 of t h e  aucked aixl in  the suction chamber 
may still be u , t i l i z e : l ,  Pre~sure losses in the suction b c t s  were 
neglected a 

%ken UA Uo, t he  sucked air f a r  behinil the wing has another 
momentum thm Far Lrji.~md the frc&; %he change of momentum is 

The entire power requiremen+ for overcoming of the pmfi le  
drag become : 

Depeneing on the exit velocity 
dls t r ib l l r te t t  unequaJ1y between LE a312 ZpO , The minimurn to t a l  

uA o f  the Bucked. afr, L. is 

aL * 

power rsquirenea.1; kn resu l t s  for -& = 0 9  ' rlg a d ,  vp may, , .. ~ hU;S 
in .the general case, aleo be functions of. uq. 
that vg and q 

k t  is now assumed 
are  endependent of' u - ~ .  . Then there becomes .for 2 



a 

b 

1,e.t furthermore 
be a,sst?med.: qg 

For b n  

P 
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an sqiial efficiency of propeller and suction blower 
= 3P = 9. 
. t;henuA=Uo a d -  

%in = 

- 
t ha t  is, 

where 

Ap, , P  - -$Jo 2 - pa - 9; = Suction-blower preaeure fo r  acceleration 
of the sucked a i r  t o  Uo 

Under the assurnptdons given above (equal effjiciency of suction 
blower and propeller, acceleration of the sucked air t o  Uo 
the rear) one may c d c u l a t e  f o r  the drag evaluakion precisely as 
i f  the suction blower had a 100-percent efffciency. The t o t a l  
drag coefficient decilsive fo r  the propulsion becomes : 

toward 

The drag measurements with boundary-layer sizction were ev'aluated 
according t o  the Czbovc formulas under the aesmption t h a t  propeller 
an4 suction blower have equal. efficiency and the sucked air i s  
accelerated rearward in f l ip$ t  direction t o  tJo . For. coznFarison, 
the mlnimum profi le  drag wi5hhoiJ-t suction (suction s l o t  closed) of 
the profile (2), d / t  = 0.067 and the profile (11, d/ t  = 0.09 was 
measured by means of the momen-tvm method,. 
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The measurement resixlts cw be Been from figures 18 t o  23* 

Fig* 21 8 = 0.9 m and- 
s = 1.3 

\ 

Paopt 
C 

2 hot-vim photographs with and without suction ( f igs .  22 

2 photographs with soot coatjng (laminar an8 twbu3.ent) 

an4 23) ". 

( f i g s  24 cLn4 25) 

I By bound-ary-layer suction it vas possible t o  maintain, for 
U O t  Reynolds nrxmbers up t o  Re = --- = &30,000 on upper and lox70r 

I J  

surface a completely laminai- boundary layer (hot-trire photoeaphs, 
f igs .  22 and. 23, and photomaphs, f igs .  24 and 25 with soot 
coating, confirmation by stethoscope observations) 
only weak and SI-ow l m i n a r  sreloci t j r  f luctuatfons were ascertainable 
behind- the 'suction Blot e 

Generally, 

The XamInar pressure increase on the upper surface from the 
' pmssura minimum Lo the t ra5l ing edge arounted to  35 percent of 

the pressure difference between stagnation point an8 pressinre 
minimum 

The lovest t o t a l  drag was, with s = 0.9-millimeter slot 
= 0,0035 (power reauired for  ' ,  width for Re = 0 4 x lo6: cw 

%in 
suction inclv.cie8.). For cmal-ler Ee, cwco increased somewhat 
more Slowly than tho I.amj.nar f r ic t ion of the f l a t  plate .  For 
larger  Re, cwM the tlmnol turbulence, the t ransi t ions on .the upper side occur 
already ahead of the suction s lo t  (as was shown 'Dy stethoscope 
and sootreoatin!? observations) 

increaaes again. since, owing t o  the influence of 

Hence, the bound-ary layer remains 

. 
J 
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tixrbulent behind the slot i n  spi te  of increased suction, The drag 
is  d.efinitely larger  trithout suction than with it. 

The auction quantit ies CQ required fo r  keeping the 
boimndary layer laminar were very small particularly f o r  a B l o t  
width s = O,9 m i l l i m e t e r 4  in general only R fraction of the 
displacement thickness ,k had. t o  be sucked. off the laminar 
boundary layer ahead of .the s l o t  (17 percent t o  50 percent f o r  
Re t: 0.2 x lo6 t o  0 4 x lo6) . 
s = 0.9 m and s = 1.3 mmJ) 
f o r  a suction s l o t  of the width 
than the one f o r  EJ = 0.9 millimeter ( f ig .  21) . 
too weak, a local  laminar separation occurs a t  the suction point 
and the boundary layer behind the s l o t  becomes rapidly turbulent 
(according t o  observations by stethoscope, soot coating, and hot 
wire) Cori.espondingl-y, f o r  very weak suction cw, increase 8 

(See f ig .  21 CQopt(Re) f o r  
The required minimwn suction quantity 

s = 1.3 millimeters wa8 larger 
If the suction is  

I 

again (fie. 19) . For an o p t i i m  suction q?xantity CQ resu l t s  
the lowest drag c increases t r i  t h  increasing Reynolds 

nwiber ( f ig .  21) . For CQ > co the skin f r ic t ion  incrcasea ,opt 
behind the s l o t  ( thinner boundary layer), hence, c Increases 

with C Q ,  

*ogt 
wc”min’ ‘%pt 

wca 

In general, the corresponding negative suction pressures 
C 

laminar suctfon, the conversion of the velocity energy of the 
sucked a i r  into pressure i n  the s l o t  diffuser w a s  not particularly 
good (ccmpare,later t e s t s )  * 

In  the suction chamber were small (fiff. 21) although, for 
*“Opt 

(a) In  conneckion with these laminar suction t e s t s  with a 
single s l o t ,  M. Ras performed, on the suggestion of Professor Ackeret, 
in  the Ins t i tu te  fo r  Aerodynamics, Zurich, test.s with 1-aminar 
bounaary suction by means of a sor t  of area suctfon consisting of 
35 narrow s lo t s  arranged. one a f t e r  the other. With t h i s  area 
suction one obtained laminar pressure increases of about 53 percent 
t o  55 percent of %he pressure difference between s tagat ion point 
and pressure minimum f o r  smaller Reynolds numbers ( referenoes 66, 
67, and 48).  

(e )  ,E. Schlichting calculated the laminar boundary-layer 
development on a f l a t  plake with area suction f o r  constant suction 
intensf ty  (reference 70) * Furthermore, Schlichting calculated 
recently the lamfnar boundary-lapxi development with mea  suction 
on a Joukowsky prof i le  (reference 71) 
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1. Laminar Suction Tests with Three Suctfon Sl.ots 

Armnged One A-Tter.the Other 

%lie su-ction t e s t s  with the lejainar prof i le  of 6.75-pe~cent 
thickness f o r  R e  = 0.8 x 106, showed a l a ~ ~ ~ i n a r  prosanye increase 
of 37 percent w i t h  a einzle suction s lot .  With area suction a 
LWnau. presswe increase of 53 percent to 55 percent was attained, 
More lamlnar suction tests. were pasforme8 with three suction s lo t s  
lying one a f t e r  the other in the suction tUr!!el used. by M. Ras 
wikh the a i m  t o  obtain larger 1m!.nar pressure increases with 
re la t ively few 8 1 O t s m  

Definitionu f o r  thc suction test;B with single sJ.ots i n  the 
suction tunnel (chapter 3 ,  1, chapter 5 ,  2b, 2c, md 2d, 
chapter 6, 1 md. 6, 2 ) .  

q Qnamic pressure at edge of boundaxy layer 

~p s t a t i c  pressiwe at  test  pla,te or a t  Val19 of s lo t  Ciffuser, 
measurcd srith 0.5 millimeter @ bore h o b s  with s t a t i c  
presswe at  %es% plate a+ narrowest pXace of t i m e 1  at3 
refcrence level 

PA s t a t i c  preemwe in  suction chaqbes, measured w i t h  0 .T mll-limeter " 

(d bore hole8 with static pressure c b t e s t  plate at 
narrowest place of tunnel as reference level. 

ro 

2 slot length (0.40 m) 
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s minimum s lo t  width 

6* displacement t;hicknese ahead of s l o t  (6* was calculated overy 
t5me from measured presswe distribution for mean suction 
qumt;fity according t o  Pohlhausen (reference 43) ) . 

&a* = U6*Z, with U = velocity a t  edge of boundary layer ahead of 
suction s l o t  

h displacement of s l o t  t r a i l l ng  edge wlth respect t o  s l o t  in le t ,  
h > 0 for inward displacement 

4, suction quantlty measured wllth calibrated measuring nozzles 

V, velocity of sucked air a t  end of s l o t  diffuser, 'determined 
from difference of t o t a l  Q a% s l o t  ex i t  (measured with 
1,O mm ($ total- heaa tube) and s t a t io  presmro PA i n  
suction chmaer i n  neigh%orhood o f  test point f o r  velocity 
distribution, (The t e s t  arrangement can be ee0n from . 
f ig .  26.) 

The f l a t  t e s t  plate was provided with three suction s lo t s  
the ehape of which can be seen from figure 27, 

The s l o t s  were p'erpend.icular t o  the surface and were developed 
a8 diffusers with mall opening angle (slot shape a) By adjust- 
ment of the opposite wall Nr. V the internal width of the tunnel 
and the pressure distri5utio.n a t  the t e s t  plate could be changed, 
The boundary layer of the opposite w a l l  also was kept l s t m i n a r  by 
suction. The width of the test plate and the s l o t  length were 
400 millimtecs . 

. 

The pressure distribution along the t e s t  plate was detemined 
f o r  vavlio~e suction quantit ies Qa ana tunnel widths. Tfie-state 
of the boundary layer behind the s lo t  was verified by hot wire Eind 
stethoscope. The t e s t  resu l t s  can be seen from figures 28 and 29.' ' 

A t  the arrow behind the third s l o t  the bowdary layer w a s  
still  laminar. Consliterably larger laminar pressure increases 
resulted with boundary-layer suction than without it (maximum 
63 percent with 40 mn tunnel kidth). 

The sink effoct makes an essential  contribution t o  the 
laminar pressure i,ncrease, particularly f o r  stronger external 
pressure increase. The significance of the sink effect  f o r  
tur;bulent bounfiarplayer suction was pointed out yepeatedly 
(Ackeret, Prandtl, 0. Schrcnk, Gerber (references 69, 72, 73, 
74, and 75)) 
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2 . Tests with Laminar Boundary-Layer suction 

with a Single Suction S10.t 

Tfib pim-poso of Yhesc t e s t s  wa8 a nore detailed stixdy of the 
flow phenomena in  the nefp$borhooril of aA suction slot %or l8mlna.r 
bowidmy-l&yer auction ( sink effect ,  lamina,r pressure increase 
down t o  the transjt ion; flow In tkre.sur.tion s l o t  and pressure 
losses in the s l o t ) .  

l& Tests with l m i s  un&wy-LEt;ysr auction i n  -.-- the watee.. - tank.- (a) Tests on R s in  Lot: A few laxn.tnar sv.c%I.on t e s t s  
for the puiyose of orientation were perfoxmea wfth various s lo t  
shapes. 
10-percent thickness ( a t  0.43 t from the leacling edge) ana 
chord at  a distance of Osr73. rn from. %he leading edge. 
wem 8eveloped as diffuser w i t h  mall opening angle. 

The suction slot vas placed- on ,a apmetrical  profi3.e of 
t c- 1.21 rn 

The s l o t  

Tho mod.el wa8 %wed through the wa.ter with 8 vel..ocity of - 
0.1 to  0.2 meter per second.. The f l a w  in the region of the auctian 
s lo t  wa,s made vis ible  by sprinkled-(?n izlvminm povtler am3 
photograghedo (Compare the flow pictures f i g s ,  30 t o  34.) 

I n  seneral, the  laminar baunaary-layer suctfon operated 
fan3.1;l.essl.y even for very different s l o t  shapes an3 suction of 
vaxioi~s strength . The f - d n a r  bovnqaq layer, continuing behind 
the s l o t  t o  wh2ch no suction yas applisd, was mostly und.ristul-bed 
by the suction. The flaw i n  -the suction slot; separated on one 
side of the s l o t .  

With increasing suction quantil;y the slot mixst be rnade wldsr 
i n  ord.er t o  avoid. h i @  veloci t ies  a t  the s l o t  ex i t  m d  come- 
spondinqly large e la t  losses,  

Fer smaller slxctlon quantlt ies the s l o t  viZLth must be 
reduced since otherwise 8 local! leminar separation GCC?XTS a.t the 
s l o t  i n l e t  ( f ig .  31( g ) )  . 
6.73-percent t h i c h e s s  (chapter b, 4) m6. l a t e r  laminaz suction 
tests showed that  iq such cases the. boundargr layer behind the 
s l o t  became rapidly -burbctlent {observation by stethoscope). Due 
t o  outward cumahwe cf the prof i le  surface aheaa of the suction 
s l o t  f f f g .  31) and a styonger local  presswe increase ahead of the 
s lo t ,  a Laminar separation may occur fo r  weak suction; thereby 
the boundary layex- behlnd the s l o t  a lso becomes rapidly turbulent, 
Forward-curved suction slots ( f ig s  30( e), 30( f )  , 3l( a) ,  3l(b), 

. 

and 31( e ) )  are especiaUy sensit ive i n  this respect , 

The te.sts with the suction wlng of 
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I n  a f e w  case8 the s l o t  t r a i l i ng  edge W&B shifted various 
degrees towma the o u t s i b  and the inside, respectively. (See 

A too great inward shif t ing m y  eventually also lead t o  a 

. 

figs. 3o(c), 3lfd),  3 1 ( e ) ~ )  3 

local  laminar separation at the s l o t  i n l e t  ( f ig .  381 and thus 
render the l m n a r  suction ineffective. 
test . F with s l o t  (b) with h = 1.3 x n  inward shiftj-ng.) 

( p )  A t e s t  w i t h  several narrow suctton s lo t s  placed one 
a f t e r  mother ( a  sort  of area suctlon) shows how tkie lambar 
boundary layer oozes into the wing inter ior  ( f ig .  32) . 

(See l a t e r  tests chapter 5;  2 

' 

( y )  On a thin eymnetrical proffle, suction was applied t o  
the laninar boundary layer a t  the t r a i l i ng  edge of the wing. 
The first suction t e s t s  were perfomed witlxout a par t i t ion wall 
i n  the suction s l o t  ana gave a negative result: f o r  s tar t ing 
conditions a stagnation point originated i n  %he free s t r e w  behind 
the suction point which traveled a t  the s l ightest  disturbance 
toward one o r  the other wfng side. (See f ig .  33(b) .) 

By means of a par t i t ion wall In the s lo t ,  the rear  stagnation 
point vas fixed on tha t  w a l l .  (See f igs .  33( a) and 33(c) .) 

The boundary layer behind the slot was mostly very tliin, 

By rotation of the partitioning metal sheet and-by suction 
of different maeitude on upper and lower surface one may s h i f t  
the rear stagnation point ma thue (as remarked by Professor Ackeret) 
change the circulation around the wing. 

The laminar suction of the t r a i l i ng  edge 5s very sensitive 
t o  the shape of the wing surface shortly ahead o f  the s l o t ,  For' 
a s l o t  i n l e t  which is too round the bounrlary layer ahead of the 
s l o t  undergoes a laminar separation; i f  the i n l e t  is too  pointed 
there resu l t  large negative pressures a t  the s l o t  in le t ,  high 
velocit ies 2n the suction s lot ,  and large s l o t  losses. 

(6) Another test w i t h  l&nar boundary-layer suction was 
performed i n  the water tank with a slotted f l ap  wing of charcl 
t = 0.61 m (d/ t  = 0.2.58) . The boundary layer could be maintained 
completely laminar by means of suction on main wing and f lap for 
various f lap  deflections (fig. 34) . The Reynolds number wets 
R e t  g 100,000 to  1.20,OOO. 



(b) Laminay suction t e s t s  with the d o t  (.aJ(see f i g , . =  
..-- an?. fo r  definit ions see beglming'df chaptor.5).- With the test 
apparatus used- for the laminar suction t e a t s  with three a lo ts  
(chapter 5 ,  I); lamlnm'suction tests with only the suction 
s l o t  farthes4. t o  the front  were performed ( s l o t  shape( a ) )  The 
t e s t  pl.at,e was plane. Suttion was applied over the width of the * ' 

tunnel of' 400 millimeters, 

# 

.. 

The presswe d.tst.ribu.tion on the tes t  plate  was measured., 
with the minimum s lo t  width s, suction quantlty Q,a9 tu.me1 
width axid free-strenm velocity being va,rled. 
of the s l o t  cauld. be ad-justed at different  heights w i t h  respect to 
the slot, Inlet(dXsplacements h 3 0 for inwmd shifted tral.l.ing 
edge of the SI-ot) a 

The t r a i l i ng  odge 

The influence of the. suction q m n t i t i e s  $a and Qa/8*, 
respectively, { 6 = displacement th l c1m.e~~  ahearl. of the s l o t )  
of the  Blot width and of the shif t ing of the s lot  %rai l ing edge 
on the sink effect  vere investigates. Figures 35 and 36 show 
a fer., pwmure dlstribvtions on the test plate i n  %he region of' 
the suction slot. In the inveslj-gated casea, the bound-aTy layer 
remained lamihar hehind the d .o t  ( accwding t o  stethoscope 
obsemations) 

* 

- 

The lminaz  pressu-re in,creaso due t o  s4nk effect  increases 
wi th  growing ~ u c t i o n  quant i ty  Qn and increaRinp lnward shif t ing d 

of the s lo t  trailing edge ana vice versa, whereas a change i n  the  
slot 't:rldt;h profiuces practical2Xy no effect  With increasing ~1.0% 
width, stronger suct5on must be eppliecl in  order t o  avoid a 
local  laminar separation at the suction polnt and a rapldly 
bscaning twbulence of the- boundary layer behind the s l a t  (according 
t o  stetlioscope observations 1 . 

The measured laminar pretfJsure .increase due -to 8ink ef fec t  is 
consSderably l a r g e r ~ t h a n  it would be under the assumption of 
f r ic t ion less  flow4' by the boundary-layer swt lon  the  displdco- 
rnent thickness 8* beeornee sudrlenly srnal.ler behina the %uction 
s l o t ,  and, correspandfngXy, tne effective surface ( a t  the distance 8 
from the wall) is  shtfted nearer toward the waUq With an 
effective 'stlrface of such wavy development a stronger local  
pressure fncrease would r e su l t  as shown i n  respective calcvlations 
by A I) Betz (reference 77) and press .~e-d is t r ibu t ion  mewswements 
a t  t ransi t ion due t o  external 'pressure incrcsame, where the 
displacement thtckness also decreases suddenly. 
5, etc'.) By superposition of a sink at the suction point, there 
origfnates a considerably larger pressure increase due t o  sink 
e f fec t  than f o r  f r ic t ion less  flow. By inward o r  outvard shif t ing 

3F 

(See f i g s .  3, 4, 
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of the t r a i l i ng  edge of the s l o t  th i s  e f fec t  may be a t i l l  increased 
or  decreased. 

Tn further raeasurernents (c) the attempt was made t o  increase 
the laminar pressure increase, due t o  sink effeqt, &ill further by 
wavy developnent of the wall i n  the neighborhood of the suction 
point, p a r t i c a a r l y  fo r  larger  suction quantities Q~/Q,G.x-. It is 
true that  the required minimum suction quantities, f o r  which the 
Boundmy layer behind the suction 810% still remains completely 
laminar, will probably increase: the slowest boundary layer par ts  
t o  which no suction was a-ppLled can be retarded a t  the most t o  the 
velocity zero a t  the stamatton point behind the s l o t .  For larger 
extemml pressure increase (for instance, due t o  stronger sink 
e f fec t  became of waviness of the swface a t  the suction s lo t )  and 
fo r  smaller suction quantities somethnes a strong local pressure 
increase and a rapia transi-bion of -the. bozunda~y l a p r  occurs 
behind the s l o t .  (See Later measurements: 
t e s t  ~ 5 ~ . ~ . )  

fig. 39, t e s t  8A,  f i g .  40, 

c )  Xnvestigatibn of the suction slot (b) 'witb the 
(b) fkr laminax boundary-layer s?aczctlon.- The fom of the 
plate ( b T a  the suction s 1 O - z .  be seen Prom figures 37 
and 38. {See beginning of chapter 'j for  definitions.) 

-Sl --*.-cIl--s 

Tho s lo t  (b) was perpendicular t o  the surface and WELEI also 
designed as diffuser with small opening angle. 
pressure distribution could be varied by adjustment of  the opposite 
w a l l  V, the boundary layer of which was maintained lavninar by 
suction. 
widtlz of 4-00 millimeters. 

The external. 

To the t e s t  plate, suction was applied over the tunnel 

The pressure distribution at the t e s t  p la t s  ana the transition- 
point positlon were detennined f o r  various suction qumtititexj 
and Q8/Q &&, respectively, fo r  variow f r ee - s t r ew velocitiep and 
tunnel widths . Qa 

The transition-point position evidenced by the break i n  the 
pressure-diet?ibution curve which i n  tv-rn wa8 caused by the suaden 
reduction i n  displacement thickness due t o  %he triznsitioa, was 
also determined from observations by stethoscope . 

A t  the transit ion,  considerable fluctuations in  s t a t i c  pressure 
could be ascertained by aeans of a sensitive manometer, 

The resu l t s  of the pressure distribution and transit ion measure- 
ments can be seen from the figures 39 t o  44. 
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The experiences described i n  %he last section with reg&d to  
sink effect  were conf'imed: 
increase, due t o  sink effect, with growing suction quantity Qa 
and &/Q@E, re.spectfvely, and with inci-easing inward shif t ing 
of the tqafling edge of the clot, and vice versa. A n  excessive 
invard shif t lng ( h  = 1.3 ma)  did not aqgnent the sink effect  a n y  
further . 

increase of the laminar pressure 
I 

Righer laminar pressure increases du0 to sink effect result 
f o r  layger external pressme increase ( ~ - m  tlwlnel width) than 
.for &--ailLimeter t m e L  Math9 bowevw, the minimum suction 
quantitfes QJQ 8% were increases . 

With increaeing Reynolds number, the pressure incream due 

Qa/Qs* (compare ffgs,  40 md. 41) 
to sink effect; decreases elightly md vice verva, f o r  equal 
suctton quantity 

The sin& effect is increased by the wminess of' the surface i n  
the region of the suction slot. 
larger ninimm suction quantities Q ~ / Q ~ + +  are ~?equirea t o  miintain, 
a laminar boundary lcyer behind the s l o t .  

O f  course, as wan t o  be expected, 

!Ph@ total laminar pressme increase up t o  the transition 
point is, gonerally, considerably lwgw than wfthotdt suction . 
It increases with growing sucCion quantisCy a8 well as with r i s ing  
external preseure increase (compariBon of the tests with 40-mm 
and &-m t tmel  width) 

Reynolds n&ber, 
suc t ion ( compare 

For equal Qa/Q6+ the transition occur8 ea r l i e r  with pawing 
similar t o  the case without boundary-layer 
fSg. 40 and. 4-11 

a 

also figure 39 
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By inward shift ing'  of the t r a i l i ng  edge of %he s l o t  (stronger 
sink effect), the laminar pressure increase before the tmns i t ion  
is  s l i g h t l y  augmected ana vice versa, under the assmption o f  
equal &ition power. 

Tests 111 with h = 0.9 t o  h = -0.3 see f i g .  42 
'Tests 17 with h = 6.9 and h = -0.3 see f ig# 4.0, 43 
Tests 18 with h = 0.9 md h = -0.3 see figs.  40; 43 . 

An excessive inward shif t ing of the t r a i l i ng  edge of the s l a t  
(h  = 1.3) deteriorates the laminar pressure increase again 
( f ig s  42 and 44) e 

hy a sl ight ly  w~vy formation of the surface i n  the reglon of the 
suction s lot ,  similar t o  the fom of %he t e s t  plate (b),  I s  useful. 
probably only f o r  layger suctfon quantities Qa/Q.6++; it is  l e s s  so 
for  smaller ones. 

Increasing of the sink- effect  and the laminar pressure increase 

d)  Laminar suction t e s t s  with s lo t  (3) and t e s t  plate (a)  
See %*- fig. 37. By increasing the waviness i n  the region of the 

f;uotion s l o t  (b) (see form of the t e s t  plate (a ) )  the sink effect  
and, the laminar pressure increase before the transit ion was 
augmented s t i l l  fvrther for  stronger suction; see the pressure 
distribution a t  the Lest plate (fie. 45) b 

O f  course, s t i l l  larger mbtrnum suction quantities than f o r  
s l o t  (b) with t e s t  plate (b) are required i n  order t o  keep the 
boundary layer behind the s l o t  completely laminar. 

Further laminar suction tests with the single d o t  ( g )  
( f ig .  46) gave similar results ( f ig .  47) 

The suction t e s t a  with the plate (d)  Bhowed that a boundary 
layer fo r  a flow around a s l igh t ly  protruding corner my be maintained 
lanzinar by means of %he boundary-larer suction, i f  a auction s l o t  
i s  placed i n  the corner. 



PTACA !PM No. 11.81 
1 

*I 

Smdmary Regarding Laminaz Pressure Increaae with Boundary 

Layer S U C t l O n  for small Up t o  Medium R8~0lds . l  Embers 

For mall to mdiw Re (N = 313 ahead of the s l o t  
varied between 0.4 and- 0.8 x 106) laminar boundary-la;ger suction 
makes high laminar peesaure increases wlth re la t ively few suetion 
s lo ts  possible; generally only a fmct lon  of %he mapective 
displacement thickness 6' ".he@ of the B l o t 8  mu& be aucked off. 

In  most cases the d.nk effect  makes a considerable contrl'bu%ion 
toward the 1Rminar pressure increase. F G ~  larger suction quantlties 
Qa/C&,*, 
by suitable shaping of the surface i s  useful; it 2s l e s s  80 f o r  
mall ones. 

an augmenting of the prD0s13we increase due t o  sink effect  
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INVESTIGATXON OF THE SLOT ELOW FOR LAMIMAR BOUND43TY- 

I ' LAXB SUCTXfjN NlT3  SINGLE SLOTS 
* -  

1. Lminar Suction Tests w i t h  Straight Suction Slot 

"he t e s t  appasatu~ for! the t e s t s  of chapter 6 was t&e same 
as fo r  the t e s t s  of chapter 5 .  , 

a) Tests trith s l o t  (a) (see fa 27 and for  definitions % 
VI - 

begir&ing of chapter 5 )  .- T'ne tes%' plate  was plane. Suction was 
applied over the t m e l  width o f  400 mi1l;iwters. 

Measurements: The s t a t i c  pzlesstlre in  the suctlon tank was 

s 

- 

measured f o r  various suction quantities Qa and Qa/Q6+, reapc t lve ly ,  
(6* ;r displacement, .t;hickness ahead of the s lo t ) ,  s l o t  widths 
and s tagmtion pressures o r  Reynolds numbers, respectively. 

' more, the t r a i l i ng  edge of' the s l o t  .w&s m a a e  Lo sh i f t  t o  vqrious 
extents o?xtwa.rd or inward with respect t o  the slot' Znlet . The 
distribution of the s t a t i c  pressure i n  the suction ch&ber with 
the varying suction quantity can be seen from f igwes  48 t o  53. 

' IWth grbwing snction quantity, the negative pressuye i n  the 
suction tank increase. For larger Re, the sixction quaslei2;y Qa/Qs+ 
being equal, %hey are smaller; the  sane holds t rue f o r  wider suction 
slots . 

If the t r a i l i n g  edge of the slot i s  shifted inward, larger 

Further- 

negatfvs pressures result a t  thb s lo t  i n l e t  and i n  the suctrlon 
tank dlue t o  the stronger sink effect. '  Inward or outward shift ing 
of the t r a i l i ng  edge of the s l o t  cauws, conditione otherwise 
being equal., only' unessential chmgos in  the pressure difference 
between suctfon chamber and the place direct ly  ahead of the suotfon 
8 l O t  e 

In- oriler t o  obtain a &ifom suction along the span, the e lot  
width and Vie extent-of the inward or outward sh i f t  of the t r a i l i ng  
edge of the Blot along the span must, a8 far as possible, remain * 

constant. If the t ra i l ing  edge of the s l o t  is somewhere shifted 
further inward, less air i s  sucked there; sometimes t h i s  fac t  may 
cause a local laminar separation shortly ahead of the sfotj.alsO,. 
the boundary layer Behind the s l o t  may become rapidly tw%ulent  
a t  that;.locaCion, as was shown fa observations by stethoscope 

. . .  



(confirmed in the laminar suction; tests of' chapter8 7 and 8) . From 
the point, of t ransi t ion a turbulent wedge spreads toward the rear 
i n  the usual manner. If the s l o t  $s sl ight ly  narrower In dome place, 
l e s s  boundaxy-Lajar air  i a  suck& there ..' 'The l'a&na$ boundary layer 
behind the- sgot t'nen thickens; s 
occux-, unless *the preceding o r .  
according3.y . 

imes an ea r l i e r  tur~ulence3 may 
ollowing slot is widened 

. .  " -  

Jb) T.e.st;s I-- wi%h s l o t _ ~  (b), test  plate (b) ( f ins .  37 and 38) .- 
The s t a t i c  pressures i n  tho 'suction t G k  'ma along the slot dfffuser 
were measwed-, together with the velocity d i i t r ibu t icn  at  the d o t  
exit  for vaP2oue suctlon qurmtities, slot wid.ths, and sla,gnation 
pressures 

0Z;har conrlitiong being equal, pre,ctical.ly the %me pressure 
differences between sincticlsl chamber miff the place direct ly  ahead of 
the s l o t  resulted aB. for t;i?e s l o t  (a} 

meters, the n e s t l v c  preasww in  the  suction t m l c  was sl$&t reduced. 
-art& the pressme irroreaso 9n $110 Blot diffuser slLghtlg augmented 
(f ig .  54.j see also Zater b a t s  y i t h  suction ~ 3 h . l ;  cw?e yearnard, 
chapter 6, '3)  * '  

uniform pressure incree.de OCCUTS i n  the s l o t  diffuser which 
increases with growing suction quantity ( f i g .  54) 

, 
By lengthening the alo.1;' dif'&ei.' from 16 niZJlimtem t o  2b mi13.i- 

For a s l o t  width of' s = 0.8 m and qm = 16.3 kg/m*, e. weak 

The veloclty distributlons at the s l o t  exf t  for  s lo t  width . 
EI =: 0.83 m, qm =. 8.13 kg/$, 16.3 kg/m2, 32.6 kg/$, and ~ ~ i o 1 x s  
suction q w n t l t i e s  can be seen from figures 55 t o  57. 

For weak suction the velocity distrfbution a t  the sl.ot.exit 
i s  Zmnfnar with a weak reverse flow on the front  side of the s h t .  
For stronger suction the slot flow separates on the rear  side of 
the s l o t ' k d  the suction air flows, a t  a relatiue1;sr hi5h velocity,. 
in to  the suction tank near the front si4e of t h e  s lo t .  
the conversion, of the kinetic energy of the suctfon d t r  into pressure 
is  not particularly favorable i n  the slok aiffusor  (see figure: 
Distribution of the s t a t i c  pressure. i n  the s l o t  diffuser) The 
minirnur6, slot ~ O S S O S  result f o r  Ermall s~zction quantities 
suction is  ,appj.ied only to ' t he  innermost, slowest, parte .of the 
'bound.a$y layer . 

Accordingly, 

Qa/QgX; 

The converiion * .  aP the velociiy ener&.oP the suction air in to  

a ts ly  aagusted suction e lo ta ,  
establiahed by observation by stethoscope repeatedly. 

c 
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readhere turbulently before the end of the s l o t  and the velocity 
distribution a t  the s l o t  oxi t  wodd  become unlfom- Further Laminar 
suction tes ts  with the B l o t  (b) showed. that  this ,  a i m  w a s  attained 
by increase4 ' s l o t  wiOth ,  larger  suction quantities, an& stagnation 
pressures, tha t  is, f o r  larger  Reynolds nmbers, refemed t o  the 
Slot flow { t e s t s  X, L, s = 1.3-m s l o t  Width, Qm =i 32.5 kg/M2) 

The velocity distribution a t  the s lo t  ex i t  was f o r  

The trmsltion-point position behind the s l o t  shows that  the 

s = 1.3 m 
and 0;m = 32.5 kg/m2 relatfvely unifom. (See f ig .  58.) 

boundary layer ahead OF md behind the slot was laminar. 

The pressure dis t r ibut ions along the s l o t  diffuser ( f lg .  59)  
show ak the presumable t ransi t ion point of the s lo t  flow a rapid 
pyessure increase an4 strong fluc"cttaki.om in the s t a t i c  presswe, 
similarly t o  the conditions found a t  the t ransi t ion of a laxinax- 
boundary layer f o r  increasing presswe. 

For s = 1.3-mm slot width and qn 32.5 kg/m2, the s l o t  
losses and negative pressures in  the miction -t& are  s l ight .  
(See Fig. 60, )  

S ~ m a r y  Regarding the Losses in the Straight Suction Slot  

f o r  Lamihar Boundary Layer Suction 

. Design of the suctfon s l o t e  as diffusers  w i l l  make it possible 
ts convert par t  of the klnet;ic energr OS the suction air in  them 
into ppessum. For weak 'suction o r  smll Reynolds nm%ers, 
the s l o t  flow separ*ates and the. pressure increase in ths  s l o t  
diPfuser is cormspondlngly small. 
slots and. highar &agnation prensmes, that is, f o r  larger * 

Reynolds nmbers of the s lo t  flow, it becmee t l n b d e n t  and 
adheres,. thereby cnu~irig a consid.erf3bJ.e pressure increase in the 
s l o t  d i f fuser ,  The slot l o ~ s e s  then become low. 

For stronger suction, wlder 

r s  

2, Investigation of the Slot  Flow f o r  Laminar Boundary- 

Layer Suction with .the' Suction Slat: (i) Curved. 

Forward- @e€' ini  tions, See ' 3egiming of' Chap%er 3)  

With the suction s lo t  ( i )  curved forward (see f ig .  38), laminar 
suction t e s t s  were#pesf'omed i n  the same manner as with s lo t  (a) 
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and (b) The' static pressure i n  the suctlon tank'an8 the velocity 
dist r ibut ion at the s l o t  ex i t  were determined. 

T'ae velocfty distributions a t  the s l o t  ex i t  f o r  s = 1.1~5-mm 
s l o t  width ead qm = 32.7 $g/rn2 ant? the correspondlng s t e t i c  
presstwes in  the suctlon trink fo r  variours suction quantit ies can 
be seen from the figures. 62 a d  63. . 

s l o t  ( 2 )  behaved l i k e  the &might slot (a)  or  (b) 

For stronger sinct8ion, that is, larger  Re 

For weak suction, tha t  is, smU.er Re of the Blot flow, the 

o f  the s l o t  flow, 
the flow continued in  the investigGted cases on, the f ront  side of . 
the s l o t  flow under laminar Qeparztlon; accox-clingly, the resul t ing 
s lo t  Losses and- negative prcshures i n  the auction t m k  were Larger 
than f o r  the straight sl.ot (a) OT (b) e 

The trmsiti-an of the s l a t  flow is probably retarded by the 
s tabi l iz inq effect  of the ov.tmrd curved r"r~n-t s2de of the s l o t ,  

BomrIary-Layer Suction with the Reamax4 

Curved Suction Slol; (h)  
ri 

On the basis of the laminar siJ-ction t e s t s  1~Lt.h &cai&t and. 
forwayd curve4 s1;tctiox-t d.ot8,  one may amm.me that; the slot f3.ow 
for  a rearward curved suctlon nlot (h)  (fi;:. 64) 'becomes flooner 
turbulent than for the s t ra ight  s?-ot, due t o  the concave curvature 
of the front. side of the  s l o t ,  A laminar boun8.21-y layer  for  concave 
o r  convex cwvature becomes ttu-bvlent sooner 01- laher ,  respectively, 
than on 3. plane swface; measurements by FI and M. Clauser (refer- 
ence 33) and. M. Fauconnet a t  -[;he Ins t l t u t e  for Aerodynamics, 
E. T. E. Zurich (not ,vet published) aemonstrated. th58 fact .  

. .  Ln order t o  examine the assumption ahve, laminar suction 
tests were psrfomed with a sinpJe rearward curved- suctlon s lo t  (h) 
( f ig .  64) which wae locntcsd on the bottom of a s l igh t ly  C;wnber8d 
prof i le  of 10.5-percent thickness (chapter 8) The suctibn s l o t  
was placed at a distance of '  O .73 meter from the wing no80 Pmvfsions 
were made fo r  auxiliary suctions on both sides of the test  suction, 
which had a length of 0.18 meter 

. .. 

1 

Measurements: The static pressure pa In the suction tank 
p on the front  side of the suction s l o t  were measured for  and 
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various staglation presejures and suction quantftiss for B = 1.0-mm 
md. s = 1.25-rn slot width, with the wing m @ s  of attack remaining 
constant. Pa and p were ascertained by mans o f  0.5-m5llineter 
$ pressure holes wfth the s t a t i c  pressure po as'reference level  
(see chaptor 8, determination of Uo)- 

The d.istr-lbution of the s ta t fc  prewure ahead of' the slot and 
in the s l o t  diffuser for various s l o t  widths, stagnatj-on pressures, 
ma suction quantities Qa/q,6* can be seem Prom fiiZ;urelg 66 t o  72. 

calculated according t o  Pohlhausen from the measured pressure 
distribution (fia, 65) * 

= boundary. layer dilsplacement thickness ahead of %he suction a l o t  

The s t a t i c  pressure increased sharply at the gYe8wlable 
t ransi t ion point in  the straight r e m  pwt of the s l o t  diffuser; 
adgoining, a Twther weak Qyessure ivlcreass took place. Lengthening 
of tho s l o t  diffueer proved generally favorable . 

The pressure increase'in the slot diffuser Wld hence the con- 
version of the kinetic e n e r e  of the suct;ion air into prerssure are 
f o r  the s3.o-L (h) superior t o  those fo r  %he straight d o t  (a) o r  (b), 
particularly for  smaller R e  of the s lo t  flow. Corrosponilingly, 
the resulting negat.ivs pressures in  the suction tank are smaller. 
(See f igs .  73 and 74,) 

. .  . 
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TXSTS ABOUT &PINE A BOUIWAIR LAYER FOR H~GH REYNOLI~ 

lVUMBB?S TAMINAR WXTH TRX A I D  OF 3OUPTRARY-LAYB3 SUCTTON 

1, Purpose of the Tests 

The purpose of' the t e a t s  i s  study of the laminar boiuzdmy- 
layer development wlth suction f o r  lampr R~ynol4.a nimbers, normal. 
wind-tunnel. turbslence md! - at fir& .. slf@t external prenswe 
increaae on a sJFsmte*trical prof i le  of 3,3?-percent thickness for  
zero angle of a,tto.ck (profile shape 808 Pig. 75( a ) )  
boundary. layer was sucked off t'firough eight consecutive s lo ts  .I 

The laminar 

Fwthemore, the problem had t o  be Investigated, whether one 
could at ta in ,  f o r  slm1l.w external prsaswre distribution, equal 
mrwrfmum RejmoZds numberg f o r  3.wlnm flow Reo or Re6* refewed 
to the rnomentwrr. loss or displacement thickness with o r  without 
bound,wg-layar sucticjn, 

2. Test hppara,tus 

R e  ving, constmcted of v~ooc? of t = 2,032 m chord, waB 
erected vertica1l.y in  the closed wind-tunnel t e s t  aec3cioD. The 
span waB equal to the heist of the tes t  section. (2.12 m) . For 
reasons of measurtng techniqjw, suctlon vas applied t o  one wing 
surface only) the comparison f o r  conditions withaut suction tms 
gained. fron the measurements on the opuosite Bide without auction. 

They me s t r a i a t  and have a rearward inclination of 60% 
The suction elots  x - VXII my be seen from the s l o t  drawing 76. 

As before, they were designed 8s diffusers with small. opening 
angle. 
made slightly wavj in  the slot region, accordin3 t o  the tests of 
chapter 5 ( f ig .  76) . 
consequently, the boundary layer remained laminay only with very 
strong Suction, 
and s l o t  t r a i l i ng  edge were asjustod along the @pan a s  constant as 
poasible , 

Tn order t o  Intensif'y the sink effect, the surface was 

Tn the f irst  tests the waviness was exaggerated; 

Slot width md re lat ive position of d o t  i n l e t  

The lslarlnar bown&qr-la;yer development with suction wi2a 
investigated at  the wing cenker, the location of the suction slots 
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with the pertinent suction chambers ( f ig .  73f b) ) . Auxiliary suctions 
la te re l ly  t o  the test suctlon made it possible t o  ksep the boundaw 
layer in  the ent3.m t e s t  sect2 

Suction was applied separately through er,ch suction slot 
appertaining auxi l iary suctions were zd3usted in the best possjble 
agreement with the %est slots. The IPongbh of t h e  t e s t  suction s lo t s  
was foy the s l o t s  1 - V I  0.620 meter, for the # l o t s  VPI, VITI  
0.208 meter. A l l  suction chambers are conical and a t  an and-e t o  
the wing and have an amply dimensioned cross sectlon. Hence the 
pressme losses in the suction chambers are slight ancZ *the suct3on 
along the span miform. The suctlon quantity f o r  each t e s t  suction 
s l o t  wag detemined by calibrated maatmrfng nozzles which were 
attached to  the lover en& of the respective suction. chamber. The 
measuring nozzles used may be seen from f i g w e  75(c).. They were 
calibrated by measurement 0% the velooity dist?ibntion a b  t'ne 
nozz1.e end by means o f  a flat tot&-h@ad tu'oe of 0.12ail3imeter 
by 2-millimeter inner opening ma 0.2-millimetar outer heipat a d .  
of a 1.0-millimeter $ s t a t i c  pressure tube; the two In$ereJ. 
0,k-millimeter 4 
of 9 mill%meters from the s.omiclrc,ular head and o f  90 mill.irneters 
from the sting (2 m $1 . Nozzle dimete!: d. In the cyl3nMcal  part: 
fo r  the s l o t s  I - VI (a) 17 m, f o r  V I I ,  VIIT. d 13 The 
s t a t i c  pressure i n  the suction chambers was measured a t  the i r  
lower end a t  suff ic ient  distance from the mensixring r102z1.e~. The 
suction ail.r was gulded. thromigh ducts {hose) frorb' the neasixrfng 
nozzles t o  the suc-bion ventilator.  The suction quant i t j  o f  the 
slots was ad3ust;ed by throt t l ing o'f %hem hose and bra vrzrying the 
rpm of the vent i la tor .  

The 

test holes of the l a t t e r  vere at a distance 

I. Suction side: 

I, Pressure drtstribution along the wfag chorrl, measured. by 
static premirxe holes . o f  0.5 a;clll-ime'cer $?! up ?;o the slot YCSCI, 
from there t o  thc t r a i l i ng  edge *with 1.0-millimoter $ s ta t ic -  , 
presaure tube" 

2. Suction quantity of the ewt test  suction slots, rneasumd. 
with 17-millfmter (B nozzles for  the slots J to'VT and. with 
13-millimeter $$ nozzles f o r  the s l o t s  V I 1  and TClIX 

4Ths static pressure tube of 1.0 rnllZilneter (8 used here wafl 
built l i k e  the one used for the calibrations of the'measurgng 
nozzles . Control measurements with connecting pressure hol-es 
showed tha t  the s t a t i c  pressure p/qo had been masured within 
an accuracy of S.005. 

.- . 
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3.  Sta t i c  pressure In the eight t e s t  Euction chambers, meamred 
with 0.5-rdlliraeter (# pressure or i f ices  

4. Boundary-layer profile at the ysint G 4; 
the s lo t  V I I I  i n  1.'790 upters d M i s t n G f 3  from the winc nose 

5. Transition-point position bs; stethoscope arid from the 
break i n  the gressure-dlstribu'tEon cwve &t transi t ion 

The suction was regul.ated.ln such 8 manner that  bhe bomdaq 
Layer remained laminar as Long 88 possible with 8 rnin3mwn of 
total. suction power. The me,asrn?emcn%s were perfomed f o r  variov,s 
Reynolds numbers and, accordLngl3 dif fment  suc t ion  qumti*t:fes - 
Some measurements were repeated Gi%h w L h r  suc bion s l o t s  

c 

1 millimeters behind 

TABLE ON SLOT W I r J r &  
I_)- ----A_.- 

-I_ -- 
S l o t  Tests 38 eo 71, 14-5 €e*. 

c 

s = 0.6j m 
s = 0.3f> nun 
B = 0.40 -to 0-43 m 
8 = 0.45 to 0.50 ~ 2 3 1  
f3 c' 0.4.  m 

s = 0.4 m 
s = 0.35 m 

I 
11 I 8  * 0.30 m 
I11 6 = 0.36 m. 
2-Y 
B 

V I 1  
v 111 

B = 0.43 t o  0.4-8 mm 
s = 0.33 ta 0.4 111111 

s = 0.38 t o  0.4 lrn 
B = 0 . 3  m 

VI . 8 = 0.4 t o  0.4: m. R = 0.4 t o  zll-a 

L_. ---.. - - 
I1 Opposite w a l l  v33thoixt stic tion 

1. Boundary-laxer profile a t  the t r a i k i q  ed-ge f o r  v ~ r i o w  R e  
2 Tyansition raeusuremenb by s t e  bhoscoge foi: various R e  

The boundary-lciyer prof:ile a t  t:he point E on the sirction si& 
was measured by mearrs of a. f l a t  total-head tube of 0a12-mlllZmeter 
by 2-millimeter inner oyenixq m d  O* 2.mi.l.limei;er outer height froxu 
the side where 1x0 s w t i o n  w t 1 ~  appl ie& By a mlcrometcr the w d . 1  
distance of the  s t a t i c  tube could be adjueted within ctta ecmracy 
of 0.03 millimeter. 
measured by a O.5-lailLimeter @ presswe hole i ~ h i ~ h  located 
next t r  the total-head tube. 

The s t a t i c  y ~ c s 6 i m  a t  the pint G was 

I The boundayy-lqyer p ro f i l e  ai; the 'traS.ling edge of t h e  opposite 
w a l l ,  t o  which no suction had been applied, was determine6 by 
measwemeni; of the - total  head and the s t a t i c  pmssure Q-y aeais of 
a botal-head tube and a static-presswe tube; the profi3.s dray: ol' 
the opgosite side witiiouk su-ction cdtculated for both'wlng sUT.Q~ces, 
results tlierefram according t o  known method8 (Sq.uiPe-Yauxg, 
RM 1838 (reference 4.) j . 

Lc. Syubols and Evahiation of the SiActlon Tests 
SyRi'i, 01 i3 

t wing Chord (2.032 a} ~ * .  

b span of t e s t  suction, f o r  slo-ts 1 t o  VK: b = O.@O xu, f o r  
V I I ,  V I I I :  b = 0.208 rn, area as' reference 
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F 

GO 

PO 

q0 

UO 

P 

Pa 

4 3  

u 

U 

projected mea of wing (bt) 

undisturbed total head outs3.de of dowld&y layer or wake, 
measured with respect to atmosphere, k i 1 . 0 ~ ~ ~  per meter2 

static pressure in center of Qne of side walls at beginning of 
closed test section 0.90 meter ahead of wing nose, 
kilograms per metes 5 

free-stream dynamlc pnxmxre, ki1,ograsns per m?sr* 

free-stream velocity qs) 
static pressme at surface of profile, measured with respect 

(go  - po) 

r 

to po, kilograms per meter2 

static pressure in suction chamhers, measured with respect 

suction-blower pressure, for acceleration of suction air 

to pot  kilograms pel? meter2 

t o  Uo, kilograms per meter2 

mean air velocity in suctlon chamber at m g l e  to wing at 

velocity in bounrlary layer OF wake, meters per second 

velocity at edge cif' baun&sy 1a;yer ox- V&KB, ae-k~m 

point of' static-pressure measmenen%, netera per second 

per second 
6 /  

Displacement thickness 8* '= (,l - $) dy, with ,y = wall distance: 

6 total boundary-layer thickness 

Momentum-loss thickness 8 = 

E = - -  
8 
8% 

8, momenturn loss thiclmsss o f  one of vcng sic2.os far toward 
rear at static pres3sure po 

UOt Re = -- 
v 

ue Reo = - 
V 
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Qat 

W, 

suction quantity of different test suction s lo t e  (19 = 3: to'VTI1 

total pro9il.e drag signiffcant f o r  pz.u.pZnl.s9m 

A 

for one Mng side 

W,' drag contribut;ion of wake 

Wg drag contribution of suction 

Dimensionlesa cosfficients: 

Suc t iony quanti ty caef fio ient of the slot 

calculated for both wing surfaces 

Total suction-quantity ccsafPicten2; f o r  both xh.g $&faces ; 

Y 

The dra.88 and coefficients, respectively, mre calcula,ted f o r  both 
wing surfaces, 

c 



R 
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Evaluation of the Suctim Tests 

For evaluating the tirag;, one asames that; the c'action bf.mcrs 
(efficierwg 7 ) accelerate the suction air t o  the frm=&rea.n 
velocity Uo fn  f l i gh t  direction .toward the rear. A propeller 
( i n  f L i & t  o r  installed i n  the tunnel) (efficiency qp) 18 pre- 
supposed f o r  overcominq the dra,rg contribution of the tmke. The 
efficiencies of the suction blowers s.%d of the propeller w e  t o  
be equal: 

becomes, according t o  chapter 4, 4(c) 

vg = qp = 9. 

Then %he t o t a l  profile dyag significant for  %he propulsion 

where 

The factor 2 in the first te rn  &erns Prom the f ac t  t-hat Qa was 
measured for one wing side only, 

Dimensionless : ' 

where 

28 ' = 2 = dracg. contributdon of the wake 

(6, for one wing &de) 



. 

and the suction blower-pressure coefficient 

there becomes: 

where c 
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From G ' on, the' laminar bbtljidary-fafei doveXopme<t (moolenturn-loss 

where 

1 H .t 2 = 3.4; U' = a s along surface.' ' ds' 

: .  , . .. 

' .  . . . .  I . -  

The w a l l  shearing s t ress  is 



Th.e varlatjon of 6 
toward the rear tms detexmlnecl. aLso amoreding to Squfre-Yoimg 
(reference 4) , with . .  the assmption that in the wake 

in %he wake from the Itrail9.ng edg6 to vezly far 

* (868 also reference Glc) 

The mmentum ~ Q S S  tlnichneEta e, far toward the rear bscomes: 

with the index h referring Lo the trallirrg edge C With Bh = 1 .I$, 
E ) @  becomes 

hence fol low e ' and. c w, wm 

c 
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5, Test Results 

: The test results can be seen from the f igures  '77 t o  90 and 
the tesC tables which contain .the followin,? data (see at  the end 
of the report)* 

Test-Nos . 

CQ and c for the eight suction blota, the mrnentwa-losB 
pF; 

thickness 8 and the s t a t i c  presswe at the koundary-layer test 
point Ge 

The pressure distributions along the chord, the statfc premures 
i n  the suction chambers and. the transition-poj.nt positionrj (&m?OttEJ) 
for various R e  and suction quantities are plotted i n  figures 77 
t o  80. 

The pressure dietributions are f l a t  and show a slight presaure 
increase only in the rear par t  of the prof i le .  The la3nS.n~ pressure 
increase before the t ransi t ion mmt8  t o  17 t o  22,5 percent of the 
pressure difference between stagnation point and presswe minimum. 
A t  the suction points appears the tjrpical pressure increase due t o  
sink effect  which increases with growing suction qutm%ity, Generally, 
the boundary layer is accelerated between the Slots .  Only behind 
s l o t  V I T I  occum n styonger laninc-tr preaswe increase which finally 
Leads t o  the t m m i t i o n  i n  general shortly ahead of the t r a i l i n g  
edge. In moat case8 the pressure dis t r ibut ion c ~ m e s  show.the 
typlcd. break during t ransi t ion 

'The negative presswes id the suction chambers increase .wfth 
gmwing suction quantity. They. are emller f o r  larger Re, &so. 
f o r  wider suction s lo t s .  

, 

In $he caees of larger : Re, or of smaller suction qumtit$,eF the 
t ransi t ion point t ravels  forward. 
required t o  keep the boundary layer lminar up Lo a place ehortly 
ahead of .the t r a i l i n g  edge are 'generally rrmall 
suction qu@Sity &re suction' has t o  be applied, see optimw curve 

The suctfon quantit ies 

With incmaeing 

(Re)' for tkie minimurn.%otal drag. (See f i g ,  81,) 
'Qtopt . . . .  

For suction quantit ies smaller than CQ on0 m y  asbertain 
*opt 

by stethoscope, ieolated turbulent bursts i n  the rem part of the 
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d 

profile, which, with &ecreaBing sac tzon quantity rapidly become 
more frequent and start farther towar& the front .  
starts eayliey md takes placte 3.n B mere a? l esa  wide t r m s i t i o n  
region which i s  bo longer s$aq~J.y d.efi,ned:. 
boundary layer becomes turbulent by. the effect of *he wind-tunnel 
turbulence . 

The t r m s i t i o n  

Jn these case8 the 

The crit ical .  Reynolds numbers ReG = U8 -T durtag t ranei  &on, 

where the bomdary 1a;rer under the effect  of tihe external -fixrbulence 
barely remained lnminar, were f o r  

with the nayrower suction s l o t s  as well zs with tMe wider ones, 
For larger Re resulted somswhat lower Re8 

CY 

The c r i t i c a l  Reo-vaLues are sli&tl,y larger on the suction 
side than on the opposite wall t o  which no siiction had been applied 
and are practically of the same magniCude as f o r  the laminar profile 
14-percent thickness i n  figure 12.  t 

Lh . .  

It may be comluded tha t  %I Icwninar 3ovndaxy layer with suction 
reaches the trrvlsjtton Voint, 4.~0 t o  an ~xtemial tumibulcnce, f a r  
equal Reg-vaLues, as without suetj on f c r  I3entical. klat extezmal. 
presswe distribution i f  t'ne slots am corract7.y mlgnsted. 

. 

c 

Smaller Bee resulted on ly  f o r  v e ~ y  weak suktion. . C .  The . . .  C% suctian a l o t s  probably vere t oo  wide f o r  v e r y  small. suction qu,@$itles 
(a8 was. shown by a verifying calculation of the l,am-i_nar bovndary- 
layer development with suction) ; hence, a local Lamlnar sopakation 
occws at the s lo t  i n l e t  thv.8 causing the boundary layer continu'rng 
behind the s l o t s  t o  be distux%cd (observation by stethascop@) . 
behina the s lo t  V I I T  f o r  varloua suction quantities ana ?&mimic 
pressures om be: seen. from figures 82 t o  87. 

on- :a f la t  plate withbut pressure gradient (BlasiU8 (referenc'e 42) ) 
, wd become fuller ' w i t h  increasing suction qwn+.h.ty; (See-, also 
meashkbments hy M. *Fa.s, (references 66 t o  68) with iamin'ar area 
suction and czilculations by 
laminar y e a  I .  . suction on - 1  a. flat plate.) 

The boundary-layer profiles a t  ' the ' g t a t i o i  C nilkime$ers 

, .  * .  

' For weak kuction, the %oundary-la;yer prof i les  k i i l a r  ' a8 

. Schlichking (reference '70); about 
. *  
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Tn figure 88 the optinm tot& drag cww wfth suction (curve b) 
T T A  
UO i s  plotted versus R e  z - a3ld conpared with tho opposite side 

(cwve a) t o  which no auction had been applied, 
Y 

For larger Re the drag i s  considerably re.tllxced by the 
laminar boundaTy-la,yer suction. Tho increaee of the bag due t o  
tunnel tvzbulence s t a r t s  with suction f o r  considerably larc@w Re. 
WiLhotlC suction ctJm decrea,ses wl.th R e  sfmS.1mly to the l<winar 

plate f r l c t ion  t o  R e  3 lo6 md'increases again for 1 8 ~ g e r  Re, 
owing to the fornard travel of tho transit ion due t o  the wincl- 
tunnel turbulence (Tzg. 89) 

Up t o  Re = 4 x loQ the 'drag with boundary-layer suction was 
only s l ight ly  larger th-m the laxinar plate friction- the Reynolds 
numbers Re$ were relatively 3 . 0 ~ .  FCF Re = 4 x 106 resulted 
cwm = 0.0016:: For larger Re (24. x 106) c increased agaln due 
t o  the e f f e c t  of the tunnel %xrbulence : 
s l o t 8  must be made stronger ma strongm, i n  order t o  avoid - 

. at larger R e  - tilrbulent discontinuities which increase the skin 
f r i c t b n  and s t a r t  a t  Regcr. Renee, larger s l o t  losses m d  verr 
thin laminar bounc2ary layers restilt d.iractly behind the suction 
Blots ,  causing an increase of the surface f r ic t ion .  Thereby the 
d rae  cw,, f o r  larger Re ,  a@ain Increases, although it was by 
means of suction possible t o  maintain t h e  boundmy layer laminar up 
t o  Re = 5.4 x 106. For larger R e  the lowest drags resulted 
precisely with the s t a r t  of a f e w  isolated turbulent bwsts which 
did not y e t  came a large increase in  skin fr ic t ion.  

Thzmsuction i n  the suctton 

The p3.o-C of the varh t ion  of cw,, and cws versus the suction 
quantity c for Re =: 3.0 x 106 can. be seen froa figure 90.. (2% . 

varies with cQt, aimflar1,v as Tor the f i r a t  laminar cw, 
suction wing of 6.75-percent thickness (chapter 4, 4): 

, 
is  rjmaJ,lest fo r  the opt5rnq.n suction quwtzty cy. For 

cb qtopt 
smaller CQ -values turbulent discontinuities appear i n  the r e m  
part  of the profile,  increasing cwc3. FOY larger 
boundary layer becomes Chimer ( see boundary-lsyer measurements 

Wca' 
f igs .  82 to 87) causing ai increase i n  skin Frictlon and c 

in  the suction tank and thue in somewhat lower cslr m-tl cw, 
( t e s t  38, 14', 54). 

t 
the laminar 

cQt 

?. Widening of the slots resulted in  mailer negative prea8wes 
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L 

The drag toad be decrease6 stiXld%r%her by placing more 

1. Maintalning the bounda;*y l&er ZmJnnr UQ $0 Yae t r a i l i ng  

\ 

suction slots behind s l o t  VXII, t&s 
* 

edge 

2. Recoverfng a considerable pk?t of the Isinetlc-walce energy 
of the bowxhry !.ayer at +,he traillnG ed.2e (pri3~ixpposition\ 
acceleration of the suction air to U,} 

The dtmhei3. c w v e  c ' ( f i g ,  88) shovs the &rcqs which mzy be 
attained by placing two wre slots nem the traAling edee, The 
curve c was czl.cula,ted. from the Laet  values wi-bh the  aid of a 
theory of the laminar bomd.ery-la;rer developncnt wi%h suction 

6 -  Extension of Schlichting's Theoi-y ow? %lie Lmlnar 

t o  the Undisturbed. Fme-Stre,un Velocity U, 

E. Schlichting caLcwlated the , lmimar boundery-3.eyer develogrnent 
on a. f l a t  plete with area8 suction at  con.atmt sinetion Yelor,ity - To 

perpendicularly t o  the plate (reference: 70) 
following formulation for the veXoclty 4.1 rsGi*lbution -3n the bzmdary 
layer : 

Schllchtfng m33e the 

thus, he obtained the dfstrlbution of the skin fric. t i& c 

fn f i w e  91 for vnrfous Re an& swA-3-zn in tens i t ies  - -- (Uo = 
undisturbed free-stream veiocity') . 

show '"lk 
Y 0 

% L 
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The condition on the plate infl.nItely Par toward tho rear  is 
given with s t r i c t  accuracy vhereas f o r  m.l.ler Re, c~~ i s  
overestimated.. Without auction the x*esult 3.13, accorClin$ t o  
Schlic'n ting, 

If the suction a i r  is  accelerated t o  TJo irithottt 1086, the 
drag CQr2 wh5Ai is s igni f icmt  f o r  the propulalon Becorns con-. 
siderably lower than the skln f r ic t ion  cwB, the reason is  the 
recovery of the kinetic wake energy of the sucked a i r  wliich 
othem&.ae moves forward with tae pXa.te, (See fig. 92.) For m 

1 I 
infinlCely long plate cw2 becomes cw2 = ; e t ~ f i e  

The drag cw2 for  acceleration of the snction air t o  Uo 
decreases with R e  considerably more strongly than %he Binface 

becone possible at  larg& Re for rela+,ively 

f r i c t ion  c 

Hence, low drags cwz 
thLn J.8ainm bom&ary layers which are, with respect t o  atabilit,ly, 
be t te r  controllable. 

mder t l e  asswaption of mxifor-m mctfon intensity - 
?R ( 

Conversely, it in probd~ ly  possible t o  obtaln, for  higher 
admissible laizinar Re-value8 (with we?.IT exlernal. turbzllence) with 
the aid of the laminar boimd-nrjr-layer mction very Iarge Re 
unaer l m i n a r  con&itions; the drag c:Tp would becorne only slightly 
larger than the laminar-plate P r i c t j  on. 

A fmthe r  drag roduction vozrld resuI-G if' one wouLd, momotrer, 
accelerate the boundary layer at; the end of the plate without loss 
t o  Uo, thus possibly yecovering its %rake energy, (See f ig .  93.) 

The u t i l i za t ion  of the wake energy of the bomeary layer on 
a laminar suction proPi3.e coiiL4. be att.ained with relatively small 
Losaes by gradual suction or" .the bom4.x~y Layer i n  the r e m  par+, 
of the profile throum several suct-Ion s?.~)ts pl.ace& one behtnEt the 
other fo r  a s t a t i c  presswe I.ncmalsing toiqaxr3 the mar, ant2 by 
reacceleration of %he sucke4 air  t o  Uo. In each s l o t ,  suc%ion 
need be appl3.ed only t o  a fx-action of the respective 't3omd.ary 1-;33rer, 
so tha t  amall. s l o t  losses resul t .  1x1 this manner a thin 1aYnlna.r 
boundaxy 1a.yer woad resu l t  a t  the trail-ing edge of the W i n g j  I t s  
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wake energy would now be only sll.glit; moreover, 9t is par t ia l ly  
recovered during the following acceleration i n  the mlse. An 
arrmgement of presswe propellera also wmld. ratdm it possible 
to recover a fimall part of the boundary-layer ~&e energy cars ;en 
the simtlar cam of wake propellers 02 ships)* 
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1. Purpose of the Investigation 

The lamina$ pressure increase with bomdary-la,yer suction wa8 
studied for higher Re, at  normal wind-tunnel turbulence and for  
various C a y  on a s l ight ly  cambered profile of 10.5-percent . 
thickness ma conventional. th , ichess  distribution a Furthermore, 
the drag reduction by the laminar boundary-layer suction was 
investigated. 

2. Profile, Test Arrmgerbnt 

The investigate& profi le  wlth the suction s lo t s  can be seen 
from figure 94. 

Profile thickness af t  = 0.3-05 

Curvature of the mean Line 

Nose curvature radfus R o / t  = 0,0097 

f/t = 0,019 

With the selected. thickness distribution, the pressure increase 
on the upper surface starts relat ively far t o  the front.  

The wing which was made of wood was erected ver t ical ly  between 
floor and cei1Sn.g of the closed winfl-tmel t e s t  section. 
central  wing section were the t e s t  suction s lo t s  of 0.18 meter 
length with auxiliary suction s lo t s  on both sides. Suction w&s 
applied t o  the boundary layer on the upper suxface through 14 s l o t s  
and on the lower surface through LO slots. For most t e s t s  the 
foremost s lo t s  of the upper surface were sealed with putty and no 
suction was applied t o  them (see t e s t  tables) 
chmber, in which the static presswe ms measured, was connectea 
t o  each suction s lo t .  The suction quantity 09 each test suction 
s l o t  was determined by calibrated measwing nozzles attached t o  the 
lower end of the suction chmber, The suctlon chambers were3 conically 
developed i n  suction direction and had a c'ross section with ample 
dimensions, The auxiliary suc.f;ions were adjustedl as similarly as 
possible t o  .the t e s t  suction. 

Tn the 

A separate suction 
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Fom and position of the suction s lo t s  can be Been from 
figure 94. The narrow slots which w e  developed as dtffuaers have 
a rearward inclination of 60°* The forward o r  reaward cwraturs  
of the slots served on17 f o r  d-eflection of the sixction air, not 
for an artificAa1 production of turbulence of the s l o t  flow. 

In order t o  intensify the laminar pressure increase by sink 
effect ,  the surface i n  the s l o t  region was made sligh2;ly w&gg' 
on the basis of earlier t es t s ,  f o r  t e s t  21 considerably lesk 
than f o r  the t e s t  27 t o  55 (see profile sketch) . 
identically adjusted fconstaC s l o t  width and ahifting o f  the 
t r a i l i ng  edge of the slot re lat ive 

. .  

The suctZon slots along the span wme as far a@ possible' ' .  

t o  the s l o t  i n l e t  along the 
s l o t )  * 

. .  

3. Measurement with L&nar 3ounda~y-L~yer.SucLion ' 

(a) Pressure dfetribution along -bho chord, measured with 
0,5-millimeter # pressure holes and wikh I,O mill imter  $ 
static-pressure tube; (b), (e) auction quanti%y and gtatdc pressure 
in the different  test-suction chaslbers (wi%h calibrated measuring 
nozzles and with 0.5 mm $d bore holes); (.a) momsnfmu fneasurements 
i n  the wake* 

Tho boundary-layer condition in the  suction x-egioa was 
verif l e d  by stethoscope. The boundary-layer suction was regulated . ., t o  t he  lowest possible to-tul ,  drag. . . .  

. .  
The t e s t s  were prefomed fw variaus C a  (from pressure 

I ,  u t  
distribution) and Re 7 -$-; in  a few case's the suction quantity 

was varied, For the t e s t s  27 t o  55 $he,s;lot . 1 .  width8 were enla,rged 
as compared t o  t e s t  21. . "  I 

- .  
For comparison, . cw 'without. suction in  the p a r t  of the 

wings t o  which no suction hd'been'appxied was $etepfneb f o r  .' 
vwious Re by means of the nomentm method. (See f i g ,  93 .) < 2  ' . 

m i n  

. #  .. . .  ., ., 8 J  
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Synbols and Evaluation of the Suction Teste 

Wing chord t = 1.035 m 

Span of the test 'sv-ction TI = 0~18 IU 

67 

Reference area F t: b t  = O e l %  m2 

The investigated wlng was relatively Large, compared t o  the 
cross-sectional area of the t e s t  gection ( 3  x 2J.2 a, octagonal) 
The prof i le  then operates between side walls o r  in a wPng cascade 
(mirrored wings) , 
properties of the investigated wing as incIfvid.ua3. prof i le  i n  tine 
unlimited air stream, the undisturbed. free-streajn dynamic pressure 
and the fme-atream vel-oeity Uo, respectively, an6 the s t a t i c  
pressures a t  the prof i le  evaluated as foll-ows: 
w a l l s  and the wings mirrored 00 them, respe6tivelg, cause the t e s t  
wing in  the center of the tunnel t o  be sixbjecte& to a stream of air  
with a velnci%y which i e  by AU larger  than tho free-stream 
vslocity U far toward th.e front:  Uo = WQ .t No (Ths index G 
refers  t o  the cascade.) 6J.J i s  the  incremental vel-ocity due t o  the 
mirrored wings at  the location of the t e s t  wing. 
static pressure 
p/2 (Uo2 - Uq2) lotlrer them the s t a t i c  pressure poG far ahead 
of the wing, 

Xn order t o  ob.t;afn from. the test values the 

s, 
The turmel. side 

CG 

The undisturbed 
po a t  the loca%ion of the Lest  wling is by 

The incremental. velocity 5U at the location of the test wing 
under the influence of the mirrored. wings was cal.culate8 by replacihg 
each of t5em by a source and ai& a t  0.8-meter distance In free- 
stream direction and a vortex. 
maximum thickness of the mirrored wings equalled the one of the 
test  wing, 
velocity i n  f r e e - s t r e a  SPrection in  the tunnel center tit the t e s t  
wing location, on the other hand, with growing C a  the effective . 
profi le  camber is increased. by of 

The strenGth was chosen so that  the 

The uzirrored vor-tfces do riot cause an incremental 

(see Prmdtl-Betz (reference 83) : 
.̂  

A f / t  = 0 .0@23ca. There raesulter2. g- = 0.006, thus Uo = 1 .0o6voG 
The following quantit ies were measur d: the s t a t i c  pressures p 
md h2 on both. tunnel side w a l l s  at  the location of the maximm 
proftle thickness f o r  install-ed t e s t  wing, fmthamore,  the t o t a l  
heaa gb and tlie s t a t i c  pressure pog 

were measured w i t h  the atmosphere as referewe 'ievel) 
P 
'Because of the dispLacement effect  of $he,.wake behina the wing p 
i s  s l igh t ly  different from poGo 

u@ii ws 

a t  the locattion of tine t 

mcl go wem t e s t  wing ( for  "empty-twznel" condition) ( pQ,"? pa, 1 
> 

I n  general, 
and pTq2 m e  different Clue t o  the clrculation wound the wing, 

-wl 1 

QG I 
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The s t a t i c  pressures p a t  tho profile surface and pa In the c 

Evaluation of po, qo, Uo from p a ,  pwee- The incremental 

suction chambers were aetermined with po a8 reference level.. 

velocity AUw a t  the tunnel side walls at the location of the 
rn8ximUm profile thickness mder the influence of the t e s t  wing 
ma the mlrrored wlngs together was calculated, all wings were 
replaced by a source a d  a sink at 0.8 met.er didxnce each. 

+ P  
OU+, AU, and pw = 2- follows the undisturbed s t k t l c  2 
pmsnwe po 
AU an8 AUW neglected): 

From 

a t  the location of the  t e s t  wing (squared terra8 of 

with 

\ 

t- 

uo = i; 9, 
The fur ther  syIllbo3.s ‘and the drag evaluation are  the same as 

in chapter 4; 4, Accel’eration of -the sucked a i r  t o  Uo and 
equal eff‘.iciency of propeller and stxtlon blower vere pr?esuFposed. 
The kinetfc energy  pi^ * of the sucked a i r  i n  the auction chamber 
was included i n  the blower pressure Ap,. 

Qai suction quantity of slot (ci), megswed w i t h  calibrnted 
measuring nozzles of same shape as in  -tests of chapter 7 

” sta,tlc pressure i n  the suction chamber (i), measured with 
0.5-mlllimter (d holes 

d 

f 



. .  . 

- .  Re = 7 

of the slot (i). T o t a l  -_I ' &ai 
"OF 

Suction-quantity coei'ficient C Q ~  - 
sac t i on-quant it y coe f f i c 3'. en% 

for usger side, 

for the lower'side, 

Drag contribution of the mactian blower: 

cwg .- - (CQCpg)i 

l'-lO' 

cwc, 

i d t - 1 4  

2em 
z -  determined by momentun I Drag contributfon of the wake 

measurements. Total proflle drag signi.icat $ for the lift 

ca vas evaluated fron the pressure-distribution measurements. 

The test results can be seen from the test tables a d  the 
figures 95 to 103. 

4. TeBt Results 

The minfmxim d r a y  with laminar bom4ary-layer 
required f o r  suckion included) is plotted- versus 
in figure 93 and I s  compare& wlth %he measursment 

suction (power 
Re for various C a  
without suction 



70 NACA T M  No. 1181 P 

Tn sprte of the thfclmeas distx*ibution which is not par t icular ly  P 

favorable with respect t o  drag, tho reaulting t o t a l  drag for  
Re = 2,2 x 106 i a  cW, = 0.0023 with suction, compayed t o  

CWW = 0,00535 without suction for Re = 1.4 x 10 . With suction 

decreases with Re up t o  2 x loo5 s%milarly t o  the l w n a r  

opt 6 
opt 

c% 
f r i c t ion  of the f la t  plate and. is only slightly larger than the latter. . 

For Re> 2 2  x 10 6 , cfTo, Increrzees again due t o  the wind- 
tunnel twbulence ( star t ing of inolated tmrbvlent bursts similarly 
as i n  the suctjon tests of chapter 7 )  

By wibnfng of the mction s l a b  ( t e n t s  27 t o  55) the s l o t  
losses and cw,, were reduced (conpariaon of the t ea t s  21 and 21) 

F i w e  96 shown the optimm profile drag polms with laminar 
boundary-layer suctton f o r  various R e .  

Since the boundmy layer was kept completely h u i n a r  up t o  
remains latr i n  a tho t r a i l i n g  edge on bo%h win:? SnrfaceR, 

conaiaerab~.e c,-rmge, thus  cawing favorabfe profile-arag l i f t  
ratios. In  oMer t o  maintain, for layger Ca,, the boundary lager 
st i l l  labar, up t o  the t r a i l i n g  ectge i n  Bpite of the growing 
preesure increme, stronger Euction must be a,ppl-fed on the upper 
side, whereas %he suction of the lover sid.e may be correspondingly 
redme8, and vice verm, 

cw 

For st3.I.l larger (or  smaller, respeotively) C a  one wing 
slde f tna l ly  becomes t?lrbu_Ient, 2n sp i te  of stronger suction, due 
t o  the lncipfent sliction peak at the wing nom, hence, the dxag 
increases accor32ngly . 

f The influence of the suction quantity CQ on ctjml cw, 
and c can be seen from figure 97 (Re = 2,2 x lo6) . 

w8 
FDZ' CWo3 the boundary layer  remains lminau. down t o  the 

on both f r r i x g  B u r -  
opt 

t r a i l i n g  edge with s m a l l  s u c t l o u  qi.nmtities 
Paces. For larger suction quantit ies 
skin f r i c t ion  and the t o t a l  drag cw, increase. For weaker suction 

(CQ < D P , ~ ~ )  isolated turbulent bursts start. in the boundary Layer, 
i n  the region of the presaure fncrea.se, which become rapidly m9re 
frequent; with cleweasing suction quantity and. increase the skin 
f r i c t ion  and cVc3* 
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The percent-drag contribution o f  the suetion blowers t o  the 

Figme 98 shows a comparison of the wakes with and without 

t o t a l  aTa@ i s  considerable, particularly fo r  larger Re. 

suction. The drag contribut:on of the wake with suction is very 
much ;smaller Ynm the drag without suction, 

The pressure distribution8 along the chord can be seen fmn 
f i p e s  99 t o  103. The tea% points obtained by pressure hole8 and 
the s t a t t c  pressures in  %he suction chambers are plotted. Tho 
pressure-distribution ci;u”ea weyre supplemented by measurements 
with a 1.0 $d static-pressure tube; the corresponding test points 
do not appear i n  the ?lot .  

For larger Re con& erabXle 1.minajr pressure increases were 
obtained with the a i d  of bom4arplayer suction, f o r  inshnce, in 
t e s t  

The sink effect  mkes an essential. contx-ibixtion t o  the laminar 
pressure Increaee. 

For a f e w  cases the lcm.lnar bound-ary-layer clevelopment, was 
determined along the chord dotm t o  the  . t ra i l ing edge, 
layer development along the wal.1 between the s l o t s  vas ca,lclxlated 
according t o  Pohlhausen (reference 43) . 
lose  thickness 8 directly behind- tfis locatfons of suction was 
determined according t o  Bemoulll from the momentwn-14.0s~ thickness 
of the boun&arplayer part  ahead. of the suction point t o  which no 
suction had been applied (mixing within the boundary layer with 
pressure increase as a resu2.t of sink effect  neglected.) 

fyom resulted 8 along the chord and .Reg = !!!, respectively 

(V = velocity at  the edge of the boundary layer at  the particular 
station) a Those cr i t lcd. ,  Reynolds numbers Reo were designated 
by Regcr where the bound.ary layer j u s t  remained laminar on both. 
swrfaces down t o  the t r a i l i ng  edge. 

The boundary- 

The boundary-layer nomentum- 

There- 

v 

Influence of the external pressure distribu-blon on Re6 : 
CT 

For not too mall ca--values (ea 2 0.27) similar Beecr resulted 
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on the lower wlng surface ( f la t  pret3leure distribution) as for the 
symmetrical suction prof i le  of 3.35-percent thickness of chapter 7 
(Regc, c r  
i n  the pressure- ncrettse reglr5n was urJsontiaUy lowor, p a r % ~ c ~ a S l g r  
f o r  lm*ger ca t e e c r  = 550 (a t  start of pressure increase) t o  
400 t o  450 at the end of the pressure increase i n  the neiljhborhooa 

L 

' = 800 t o  850) ~ ) n  the other hana Reo on the upper surface 

of the  t ra i l fng  Thus, nimil.ai*ly t o  the case without suction, 
higher (or essentially lowl~r) 
zero Testfit f o r  accelerated (or retarded) external flow for laminar 
boundary-layer suction 

P ' S Q ~ ~  than f o r  pressure gradlent 

Influence of the sink affect on H ~ Q , , , . -  The t e s t s  21 and 27 -- -I--.-. L 
with sink effect  of $iffarent strength resulted i n  practically equal 

remainin2 the s a m z  Thus it seems t h a t  Ree-vaJaes, w i t h  c 
primarily the t o t a l  external. pressure increase i s  decisive f o r  the 
stability of a. laminar bovslr3.a~~ layer with suction with increasing 
pyessure, Whether t h i s  to-bel extern81 preaswe increase i s  t o  a 
larger or  smaller extenlt created by stnk ePf'ecL o r  by %he flow 
along the mI.1 seem8, with3-n certain l f m i t s ,  of lesser importance 

Qopt 

If one calculates from the velocity gradient u' of the 
external pressure distriblxtlon as it would resu l t  wfthout sf& 
effect a quantity X = s'./Vu' (which corresponds t o  the Pohlhausen 
method), the following values result; in  the regj-on of increasing 
pressure on upper and lower side: X = -2 ( s t a r t  of the presswe 
increase) t o  -8 ( a t  the end of? the pressure increase) Therefore, 
s i m i l a r  neqatlve &-.values are obtained f o r  laminar pessure increase 
w3.th boundary-layer mctlon as without suction, undlEir the assump- 
t ion  of equal e&ernal, twbulence and equal Reo 

5 .  Conclusions from the Tests of Clapters 7 and 8 f w  the 

Design of Laminar Suction P ro f i l e s  with the Lowest 

Possible Drag for  Hip& Weynol-ds Rumbers 

In ordor t o  obtain f o r  laminar suction prof i les  'nighest possible 
Re0 over 8 large range of %he wing chord, and. this a low surface 
f r ic t ion  an& small drag f o r  larger  Re, 
with uniform pressure distribution and a pressure increase occurring 
far toward the rear, as they vere doveloped f o r  laminar profiles 
without suotion (chapter 3)  Thls  corrasyonds t o  the combination of 
the test of chapters 7 and 8, 

one should use profile shapes 
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Weak suction only  would have t o  be applisd in  the region o f  
f la t  pressure distribution, Boundarplqyer thickness and Reg 
would have t o  be reduced by suction ahead. of the pressure increase; 
So much suction would have t o  be applied in  the ragilon of pressure 
increase that ,  f o r  the preaent tur'bialence - = 0.004, Ree 

remaim Ree. 5 500 and X 
negatlve ( h  $ -6) (u' t: velocity kyadient of the ex%emal: pessure  
distribution a t h o u t  sink effect)  

U' 

Tu 82 ' does not become excessively 
ua 

. 

6 e Prospects f o r  Application of Laminar Boundary-Layer 

Suction in  Flight f o r  R%& Re'yzlo1d.s . ,  Numbers 

Tho calculation f o r  f'lfght mea~wement8 an a laminar profile 
of 19 ,g-percent thickness (15) resulted, ahead of the %;Tfmsf.tion, 

in  a Reynol.ds number Re0 = E = 2600 in  the region o f  the point of 
V 

laminar sepwation (chapter 2, 2), tha t  is, about three tlrnes more 
than f ~ r  the present wlnd-ot;umel tests. Hence, presumably, f o r  
laminar suction psofflea in  fI-i&t,  w i t h  a bound-ary layer kept 
completely LElminer, about % b e e  .t;imes mmller drags f o r  nine times 

higher Re = - are possible than h d .  been measured In the wind 

twmel , 

U O t  \ 

v 

Fox- higher f l igh t  velocitios the percen% atmospheric 

decreases; thus one could then expect higher U '  turbulence -- 
lamfnar flow R e  
pressibi l i ty  disturbances appeay. 

uo 
a d  lower drags, at  leaat  as long as no corn- 

The drags of fiaselage and tail,  unit  a lso  could be considerably 
reduced by rmzintaining the boundary layer l&nm w i t h  the aid of 
suction, The fairlngs from wing t o  fuselage, eBc., also coifid, 
i n  princigle, be kept laminar by bound-ary-layer suction. 

The induced drag which now gains renewed importance may be 
reduced by enlarging of the span and increasing of the f l i gh t  
veloci-by, possibly %y staggored f l i g h t  arrangement (as used by 
migratory birds) , The optimum drag/ l i f t  ra t lo  wovZd resul t  f o r  
ern21 ca, 
Large spans require wings with sufficiently thick profiles m-d 

that  Ss, for hbgh fli@% speed. a t  not extreme altftudes. 
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a d r o i t  design of the wing stmcture.  
numbers without compression shocka, , the auperstrem velnclt ies ought 
t o  remain as D r n d . 1  as possible.  

t o  adq$ the .bcjWd.Wy-lay0r thidkness and Rea, respectively, by 
means of boundary-layer suction t o  %he respective s t a t e  of turbulence 
of the atmosphere. 
would have t o  be appLied farther toward the front i n  order t o  keep 
Ree 
t o  variations i n  angle o f  attack due t o  gusts, etc.  
weaker suction could be a3?.p3ied in  cam 0% the air being very cnlm, 
result ing in  larger Reg and correspondingjly lower dxags. 

Translated by M a 7  L. Mahler 
Rational Advisory 'Committee 
for Aeronautics 

In  order t o  obtain high Mach L 

L 

For laminar suction profiles i n  f l igh t  exists the possibil i ty 

For higher atmosgheric turbu2enca s t rower suction 

sufffciently lmr and t,o obtain b lower BensitivZty.yith_respect 
Conversely, 

r .. I 

. .  

. .  

. .  
? 

4 
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APPEHDn 
- 

'REIXTCTION OF 'THE PE7OFTJ.23 DRAG' FOR SMALL R e  BY ARTIFICIALLY 

PBODUCED 'MJRf3-m OF TEEE BOIJNIXRY LAYER I 3  TEE REGION 

QF TIDE P0TI.W OF LAMINAR SEPflRATION 
I 

Zt had been shown on the propeller profile number 12 o f  
g-percent thicknesa (f ig .  11, chapter 3, 3) that  the boundary 
layer of %he upper wing surface undergoes, f o r  mall Re ana 
smooth inflow, laminar sepmation and does not turbulently readhere 
( stethoscope) j hence, .the prof i le  drag is  sometimes considerably 
increased. OnLy f o r  larger ca the boundary layer of the upper 
wing surface i s  dieturbod 80 much t h a t  the t3?stnsitim occurs i n  
tSme t o  obtain here a turbulent readhering of the boundary layer 
f o r  smaller R e  

A report on t e s t s  on a nedfwn-canbered profile o f  6-percent 
thickness ( f ig .  104) follows. The protlle-drag polars  on t h i s  ' 

profile were, f o r  smaller Re, improved by a r t i f i c i a l l y  produced 
turbulence of the bom4ary layer on the upper w i n g  surface i n  the 
region of the point of laminar separation with the afd of surface 
diaturbmces (steps i n  the surface, see f i g .  104: disturbances 1 
and 2). 

For various Re and ca momentum measwements were pe r fomd 
on the smooth wing and with the disturbances 1 and 2. 
drag polars  f igs.  104 t o  107,) FOY low Re the profile-drag 
polars are definitely impmved by use of the distw'bances, the 
boundary layer a f t e r  the disturbance generally turbulently readhering 
and unciergofng larnlnrzr separation only f o r  very m d l  Re 
(observation by stethoscope). 
extend farther t o  the fron%. 

(See prufile- 

The dis.tvrbance then would have t o  

Tho weaker o r  stronger disturbance 1 o r  2, reepectively, 
improves the drag polar mainly i n  the Re-region of 250,000 t o  300,000 
(o r  200,000, respectivel-y) For larger Be the boun&auy layer 
becomes unnecessarily early turbulent due to the disturbance 
(observations by stethoscope), thereby correspondingly increasing 

the profile drag. The Reynolds number Ret = referred t o  the 

distance 1 
transit ion resulted f o r  the present case a8 R e t  = 48,000 

from the start of the dlstwbance t o  the s t a r t  of 
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( 1  = distance from start of d-lsturbance t o  s t a r t  of transit ion; 
U = mean velocity a t  the bouwlasy-layer edge between start of 
dis turbace  md stax-t of traneition) # 

The method of producing as1 ar t j f ic ia l .  txrbifience of a laminar 
boundary Layer in the region of the point of' laminar separation 
is, i n  general, strccessfulf y stpplicab.te i f  otherwise 8, stronger 
laminar separation occurs and. %he bomda~y layer rloes not turbulently 
readhere. 
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Propeller prof i le  No. 11 
%/t = 0.m8 

84 

Laminar prof i le  
d/t = 0.10 i n  0.49 t from the froni 
f/t = 0.00~26 i n  0.50 t from the front 

d t  
0 
025 

.os 

.1 

.2 

.3 

.4 

.5 
-6 
.7 
.8 
.9 
.95 
.975 

Y 0 / t  
0 
.0190 
.0285 
.0419 
0581 
0680 

* 0723 
* 0723 
.0692 
-0617 
* 0486 
.0288 
.01w 
0087 

0 

-Yu/t 
0 

e 0115 
.0142 
0174 
.0190 
0182 
-0168 
* 0142 
* 0126 
.OOM 
,0071 
* 0032 . 001 2 
* 0000 

0 

x/t 
0 

.025 
05 
.1 
-15 
.2 
.3 
.4 
.5 
-6 
.7 
.8 
.85 
.9 
.925 
.95 
.975 
1 

Y0/t -Yuh 
0.00107 -0.00107 
.019 -014 
-02567 ,01954 
-03435 e0272 
.0404 03235 
* 0446 * 0364 
-0511 . 0411 
.0547 -0431 - 0556 .0443 
.0550 * 04275 
.0502 ,0394 
* 0393 .0329 
0309 0267 
,0194 -01926 
-01334 -014 
.0078 .0088 
-00405 -0031 

0 0 

Ro/t = 0.009 

Laminar prof i le* 
d/t = 0.140 i n  0.44 t from t h e  f ront  
f/t = 0.0245 i n  0.41 t from the f ront  

x/t 
0 
025 
05 
.1 
.2 
.3 
.4 
.5 
-6  
.7 
.8 
.9 
.89 
1 

Y0/t 
0.0030 

.0324 

.w 

.0600 

.0788 
* 0892 
.0m0 
-0936 
.0868 
0736 
-0492 
.0140 
,0040 

0 

'YU/t 
-0.0030 
.0180 
.0224 
.0284 
.0380 
.0420 
,0436 
* 0436 
-0416 
a 0360 
.0284 
.Olk8 - 
.0068 

0 

%/t = 0.019 

*TO the laminar prof i le  According t o  measurements of F. Feldmann i n  the high-speed 
M oi Inst,itute (description, 61 a) compression shocks for t h i s  p r o f i l e  start, for shockless en-, at 
a Mach number Y = 0.71. For Y = 0.76 - 0.77 and shockless entrrnce the l i f t  decrease5 and disturbances 
i n  longitudinal s t a b i l i t y  appear. 

d/t = 0.14 (fig. 12). 

(Re = 570,000) 
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NO 14" 53 12 38 13 

32 e3 32 e3 32.2 32 -4 32 e 2  
23 68 23 e60 23 e76 23 -84 23.73 

s, 
16.00 X 15.85 X 16.10 X 16.25X 

UO 

em 

't/ 
Re 3.004x lo6 3.015 X lo6 2 . 9 9 8 ~  lo6 2 e981 X lo6 2.982 X lo6 

0.487 0.532 0.557 0.584 0.524 
for P/s, e 033 026 .020 013 .028 

Slot 

3.0752 
e0376 
0342 

.0342 
-0352 
.0453 
. O W  
.0288 

1 . lo2 
1 143 
1.105 
1 a078 
1.165 
1.118 
1.120 
1.123 

0 4 0643 
.0318 
.0293 
.0294 
0303 

-0395 
0283 

.0242 

C 
pg 

1.098 
1.327 
1.096 
1 074 
1 149 
1 107 
1.105 
1.106 

cQ Y 10-3/2 

0 0552 
0267 
0243 

.0254 

.0258 
-0336 
-0237 
.0198 

C 
*g 

1 . lo6  

1.117 
1 e074 
1.150 
1 * 102 
1 097 
1.092 

1 142 
0 0466 

0233 
e0216 
.0220 
.0220 
.0290 
.0207 
a0173 

1.092 
1.110 
1.083 
1.063 
1.119 
1 089 
1.085 
1.059 

0 0637 
.0308 
0286 
0292 
0298 

,0288 
0389 

,0226 

C 
pg 

1.111 
1 153 
1.125 
1 079 
1 e166 
1.115 
1.109 
1.117 

O& 

.44l 
0.514 
.6l2 

. 
No. , 14 16 17 18 15 

32 -2 32.0 32.0 32.0 32 e 2  

23 e73 23.63 23.66 23 63 23 -73 
40 
UO 
ll 
Re 2.982 X lo6 2.960 X lo6 2.942x 106 2.964.X lo6 2.998 X 10' 
%ml 

16.20 X 10" 16.30X lom6 16 -15 X lo-' 16.10 X 

0 -494 0.416 0.372 0.308 0 e456 

for P/Q a036 .049 .050 e 056 043 

Slot CQ/2O/OQ c cQ/20/oo %g C Q / ~ ~ / O O  cpg C Q / ~ ~ / O O  cpg cQ/20/O0 cpg 
pi% 

0 e 0'750 
.om1 
.0335 
-0338 
e 0 3 5 3  
.0462 
.0341 
.0286 

1 118 
1.182 
1.146 
1.083 
1.191 
1.125 
1.125 
1.140 

0 1084 
0534 

.0491 

.0498 

.ow1 
e0672 
-0481 
.0393 

1.145 
1 -243 
1.190 
1 . O M  
1.259 
1 e160 
1.175 
1.229 

0 1282 
.0651 . as91 
eo598 
,0628 
.0809 
-0581 
.04w 

1 e165 
1 *276 
1.207 
1 .lo1 
1.299 
1.194 
1.211 
1.297 

0.1703 
e 0843 
.a773 
a0770 
0817 
1042 
0740 

,0602 

1.22s 
1.386 
1 e276 
1.116 
1.393 
1.263 
1 -369 
1.444 

0.09l2 
,0449 
.0412 
.Ml9  
0429 

-0560 

.0352 
e0399 

cQtO/oo o*644 0.936 1-130 1.458 0 -786 
cwgo/oo .732 1 .lo4 1.370 1 -885 e 908 

1.128 
1.207 
1.167 
1 e088 
1.222 
1.140 
1 a149 
1.179 4 

1 T r a n s l a t o r ' s  note: A value  o f  CQ/20/,,0 o r  CQ 10'3/2 of 0.0752 denotes  a value of 

Cg Of 0~0000752* 
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NO 20 19' 33 34 36 

45.07 45 -6  45.0 45.1 45.3 
28 e22 28 e32 28 -19 28 -22 28 17 

s, 
UO 

Re 3.488 X lo6 3.530X lo6 3.49x 106 3.496 X lo6 3.575 x 106 
4 56.43 x 10-6 16.30 X 16.41X 16.41 X 16.01X 

e 0 a 4 2 2  0 -472 0 a456 0.376 0 e276 
for PX 035 -028 * 032 037 -049 

Slot C 
pg 

C 
pg 

0 0807 
.0402 
0366 

-0369 
.0388 
,0495 
-0360 
-0290 

1.107 
1 e155 
1.122 
1.077 
1.174 
1.122 
1.119 
1 e139 

0 0 0645 
0317 
0292 

.0292 
0303 
0393 
0286 

-0238 

1.094 
1.127 
1.098 
1.070 
1.144 
1.100 
1.097 
1.094 

0 e552 

0.0713 
e0358 
-0327 
,0330 
0344 

.0434 
0316 

.02m 

1.097 
1.134 
1 .lo1 
1.073 
1.152 
1.109 
1.104 
1.115 

0.1032 
a 0506 
,0470 - 0467 
m0495 
e 0633 
-0470 
e0394 

1.113 
1.174 
1 .1w 
1.080 
1.195 
1.141 
1 e139 
1.188 

0.1554 
0764 
0696 
0691 

-0736 
,0942 
e 0691 
-0575 

1.152 
1.232 
1.146 
1 089 
1.258 
1.208 
1.212 
1.320 

0 -616 0 -894 1.328 

* 785 .611 -684 1 018 1.585 

NO s 37 39 41 43 40 

QO 46 -4 11.15 10.96 11.29 11 -40 
UO 28 -20 13.93 13.81 14.01 14.12 
XI 16.01 X 16 -00 X 16.00 X loe6 16.00 X 16.15 X 
Re 3.580 X lo6 1.768 X lo6 1.753X lo6 1.779 K lo6 1.775 x 106 
em 0.230 0 -870 0.830 0.760 0.842 

for P/s, e 051 .001 .009 .019 . O M  

0 1968 
-0963 
0876 
0867 

-0929 
1172 
0862 
0752 

1.202 
1 297 
1 a176 
1 .loo 
1 -321 
1.283 
1.289 
1.463 

0 0268 
.0144 
-0137 
-0137 
-0137 
-0175 
0138 

.0113 

1.094 
1 e115 
1.089 
1 e 0 7 3  
1 all6 
1 .om 
1 .om 
1.071 

0 0428 
-0213 . om0 
.0200 
.0200 
-0261 
.0200 
-0157 

1.111 
1 e140 
1 104 
1.082 
1 146 
1.118 
1.105 
1.099 

0.0623 
e0306 
0286 

*0286 
.m93 
0386 

a0274 
-0226 

1.126 0.0314 
1.177 .0164 
1.129 -0160 
1.093 -0161 
1.190 e0161 
1.135 a0203 
1.136 -0163 
1.136 e0124 

1.099 
1.121 
1.091 
1.075 
1.125 
1 e105 
1.089 
1.081 

0.372 0.536 0.286 Cqto/0o 1.676 0 -250 

C, O/oo 2.104 273 a414 .610 -315 
g 
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14.13 14.03 14.04 28.22 
yl 16.00 x lo+ 16.00 x 16.00 X 16.00 x lom6 16.30 X 
R e  1.780 x lo6 1.793 Y 106 1.780 x lo6 1.783 x lo6 3.515 X lo6 
~ n r m  0.700 0.598 0.668 0 e780 0 -486 

for P/qo ,027 .048 035 015 .024 

SI0 t cQ/20/00 c Q/2 "/OO 
cpg 

1.162 
1 260 
1.177 
1.115 
1 285 
1.181 
1.212 
1.248 

C 
Pg 

1 0.0812 
2 -0399 
3 0374 
4 * 0377 
5 .a393 
6 -0508 
7 * 0363 
8 -0292 

0.0514 
0257 
0245 
0238 - 0245 
031 6 
0232 

-0183 

0.0571 
-0282 
0258 

,0263 
0271 
0352 
0256 

.0220 

1.143 
1.217 
1.153 
1.104 
1.239 
1.157 
1.174 
1.186 

0.1258 
-0618 
-0573 
e0579 
-0601 
-0772 
e 0  584 
e 0466 

1.184 
1 316 
1 209 
1.129 
1.347 
1.216 
1 265 
1.326 

0.1010 
.0500 
.0464 
0461 
.0484 
0629 

.0457 
0373 

1.117 
1 a160 
1.117 
1.086 
1 . 1 w  
1 123 
1.119 
1.112 

1.094 
1.122 
1.097 
1.066 
1.133 
1.088 
1.089 
1.070 

0.702 1.088 0 872 0 e 4 4 4  0 e494 
Q to/oo 

1.048 -501 .543 c, o /oo  .a22 1.352 
i3 

No 55 54 35 56  57 

45.4 32 -5 45.5 45.1 57.8 
27 -97 23.64 28.23 27 e 8 7  31.73 %I 

UO 

%In 

15.85 % 10" 15.85 X 16.01 X 15.85 X 16.03 X v 
Re 3.582 x106 3.030 X106 3.580 X lo6 3 *!no x106 4.02 X lo6 

0.420 0.440 0.316 0 e328 0 . a 2  
e038 046 .045 .031 

* 

for P/Q ,034 

Cq/2O/o, 

0 A931 
0463 
.0425 
.0430 
. w 7  
-0573 
.woT 
0353 

C 
Pg 

C 
pl3 

Slot 

1 
2 
3 
4 
5 
6 
7 
8 

1.110 
1 e166 
1 e117 
1.081 
1 a193 
1.133 
1 141 
1 166 

0.1284 
-0638 
.os87 
0581 

0 0618 
,0775 
-0573 
0469 

1.126 
1.193 
1 e 128 
1 084 
1 219 
1.169 
1.172 
1.238 

0.1228 
-0610 
.0559 
0559 

.0690 
0748 

,0536 
. w e  

1.118 
1-187 
1 -123 
1 io82 
1 *2&5 
1.1m 
1.164 
1.224 

0 e 0678 
e0336 
e0308 
03 10 

* 0326 
0423 

e0305 
.0268 

1 a087 
1.112 
1 084 
1 .d64 
1.128 
1.090 
1.086 
1.072 

1.095 
1.133 
1 .om 
1 e073 
1 &57 
1.115 
1.112 
1 e l 2 3  

CqtO/oo 0 e686 0 -806 1.104 1 e056 0.592 

1.284 1,217 .&QS -763 e 916 C" O/OO g 
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. 

No. 58 60 61 59 62' 

uO 31 75 31 a71 31.68 31 e76 37.02 
q0 57.9 58 e3 58 -1 57.9 78.9 . 

16.06 X 16.03 X J 16.03 lo-' 15.90 X 10"' 15.90 X 

Re 4.02 %lo6  4.05 Y lo6 4.045 x 106 4.02 x 106 4.68 %lo6 
%m 0.385 0.276 0.218 0 327 0.219 

for p/q, 0.036 .047 053 * 043 .047 

1 
2 
3 .  
4 
5 
6 
7 
8 

0.0786 1.090 
,0390 1.122 
-0360 1.091 
-0363 1.069 
.0373 1.144 
,0483 1.105 
-0348 1.098 
-0305 1.099 

0.1338 
0662 
0606 

-0604 
-0634 
0822 
0601 

-0511 

1.127 
1.207 
1.129 
1.079 
1 e232 
1 152 
1 e161 
1.224 

0.1708 
0818 
0760 

.M53 
0863 

.lo91 
-0775 
.0647 

1 163 
1.258 
1.157 
1 - 087 
1.308 
1.204 
1 e225 
1 e336 

0 e 1025 
0515 
0468 
.0464 
.#go 
e0628 
.0437 
,0385 

1.100 
1.147 
1. PO0 
1 .M2 
1.171 
1.127 
1.126 
1.163 

0 1452 
.OM9 
0645 

e0637 
.0728 
.0922 
0653 

. o x 2  

1.132 
1 186 
1.121 
1.076 
1 e237 
1 166 
1 165 
1.226 

0.682 1.154 
.749 I 1.338 

1.480 
1.791 

0.882 
.989 

1 a246 
1.443 

No. 64 70'  65 66 71" 

90 79.3 109.1 79.5 79.6 109.9 

UO 

Re 4.63 8 106 5.33 x 106 4.64 x 106 4.645 x 106 5.45 x 106 

37.27 44.07 37 -32 37.34 43 .w 
Y 16.32 X 16.80 X 16.32 1 16 -32 X 16.38 X 

0.259 0.231 0 294 0.328 0.186 
for P/% .044 -038 .041 036 039 

0.1216 
. O W  
.OS44 
0537 
0610 

-0172 
.om2 
.0444 

1.111 
1.152 
1.106 
1.074 
1.199 
1.143 
1 133 
1.173 

0 1356 
.0611 
e0626 
0632 
0678 

.0857 
a0609 - 0496 

1.114 
1.126 
1 .ow 
1.069 
1 161 
1.126 
1.110 
1.186 

0.1017 
.w64 
-0462 
-0460 
0512 

.O&l  

.0453 
-0383 

1.099 
1 a132 
1.095 
1.011 
1.175 
1.123 
1 .lo9 
1.130 

CQ~'/OO 1.076 1.172 0.880 

cQ/2'/00 

0.0895 . w11 
0406 

.0409 

.W58 
0575 

.0403 
e0334 

0.778 

1.093 
1.120 
1 e 0 8 8  
1 a 068 
1 157 
1.110 
1.102 
1 .lo1 

cq/2°/oo 

0 1903 
-0833 
-0864 
.0868 
e0938 
.1204 
e0860 
0690 

1.632 

C 
pg 

1.151 
1 s 166 
1.103 
1.079 
1.211 
1.117 
1.167 
1.262 

1.179 1.310 982 - 858 1.894 c, O/OO 
g 

'Transition 10 millimeters ahead of t r a i l i n g  edge, ind iv idua l  tu rbulen t  bu r s t s  earlier. 
'Individual turbulent  bu r s t s  f u r t h e r  forward. 
3Frequent turbulent bu r s t s  f 'ur ther  forward. 
4Transi t ion 5 inillimeters ahead of t r a i l i n g  edge, ind iv idua l  t u rbu len t  burs t s  earlier. 
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No. 21 27 30.1 

s, 
"0 
-d 
Re 
' h  

81ot 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
1' 

5' 
61 
7' 
8' 
9' 

10' - 

C W  
1, 

69.8 
35.15 
16.60 X lo-' 
2.188 x 106 
0.233 

2, x 10-3 % 
0 

0.070 1.288 
0.287 1.483 
0.254 1.553 
0.279 1.621 
0.480 1 * 483 
0.847 1.443 
0.377 1.389 
0.654 1.317 
0.335 1 a230 
0.522 1.151 
0.315 1.121 
0.387 1.024 
0.506 0.972 
0.083 1.189 
0.288 1.209 
0.166 1.175 
0.191 1.160 
0.226 1.158 
0.368 1.127 
0.315 1 .loo 
0.503 1.021 
0.369 1 .OM 
0.809 0.989 

0.784 No. 
0.506 21.1 21.2 21-3 
1.290 1.340 1.470 1.672 
1.657 1.622 1.790 1.928 
0.858 0.755 0.678 0.8117 

2.395 2.377 2.468 2.686 

16.88 X lom6 16.93 X 

2.160 X lo6 
0.232 0.232 

2.382 X lo6 

Q, x Q, x 10-3 

0 
0 

0.332 1.477 
0.260 1.650 
0.323 1.503 
0.648 1.454 
0.661 . 1.457 
0.471 1.358 
0.680 1.292 
0,346 1.227 
0.510 1.139 
0.312 1.113 
0.374 1.020 
0.390 0.950 
0.043 1.167 
0.295 1.189 
0.149 1.123 
0.133 1.120 
0.234 1.108 
0.331 1.107 
0.382 1.075 
0.534 1.015 
0.375 1.006 
0.824 0.971 

0 
0 

0.403 
0.313 
0.391 
0.667 
0.800 
0.581 
0.828 
0.410 
0.781 
0.393 
0.544 
0.457 
0.0&?4 
0.390 
0.192 
0.169 
0.312 
0.430 
0 * 520 
0.682 
0.502 
0.906 

1.477 
1.545 
1.510 
1.460 
1.457 
1 s 361 
1.301 
1.228 
1.148 
1.117 
1.038 
0.954 
1.176 
1.198 
1.133 
1.134 
1.115 
1.119 
1.082 
1.018 
1.018 
0.984 

0.792 
0.503 
1.295 
1.560 
0.T20 

2.280 

0.907 
0.676 NO. 30.2 

1.483 1.574 
1.790 1.90s 
0.590 0.520 

2.380 2,425 

NACA TM No. 1181 

32 

54.8 
31.2 
16-55 X 

1.946 X lo6 
0.232 

cpg 
Q, x 10-3 

On both sides 1ari-r up to the trailing edge 

0 
0 

0.260 1 472 
0.203 1.527 
0.260 1.500 
0.445 1.449 
0.538 1.447 
0.391 1.357 
0.560 1.292 
0.279 1.223 
0.531 1.144 
0.261 1.116 
0.374 1.092 
0.321 0.944 
0.055 1.181 
0.260 1.195 
0.136 1.136 
0.118 1.133 
0.218 1.114 
0.297 1.117 
0.363 1.079 
0.473 1.016 
0.350 1.017 
0 a 725 0.980 

0.762 
0.516 NO. 32.: 

1.278 1.253 
1.828 1.490 
0.880 o.sa0 
2 -406 2.420 

34 

103.8 
42.8 
16.45 X lo-' 
2.690 X lo6 
0.232 

c% ' 
Q,% 1 0 - ~  

0 
0 

0.496 1.488 
0.383 1.551 
0.474 1.508 
0.807 1.463 
0.966 1.456 
0.701 1.355 
0.988 1.300 
0.497 1.224 
0.930 1.149 
0.460 1.113 - 
0.635 1.036 
0.544 0.956 
0.115 1.186 
0.471 1.194 
0.236 1.134 
0.204 1.131 
0.374 1.112 
0.516 1.119 
0.621 1.079 
0.810 1.012 
0.301 1.016 
1.210 0.983 

0.590 
0.610 NO. 34.2 

1.600 1.690 
1.936 2.W 
0.690 0.580 

2.526 2.598 



NACA TM No. 1181 

No. 35 

90 
VO 
J 
Re 
e, 

810t 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
1' 
2' 
3' 
4' 
5' 
6' 
7' 
8' 
9' 
10' 

39.1 
26 -4 
16.60 X 

0.232 
1.639 x 106 

% q, x 10-3 

0 
0 

0.192 1.467 
0.147 1.527 
0.193 1.501 
0.335 1.448 
0.398 1.454 
0.297 1.360 
0.428 1.290 
0.254 1.229 
0.403 1 a45 
0.253 1.126 
0.300 1.036 
0.400 0.981 
0.048 1.189 
0.146 1.172 
0.104 1.138 
0.093 1.138 
0.170 1.113 
0.228 1.119 
0.281 1.078 
0.366 1.018 
0.266 1.019 
0.726 1.006 

0.733 

0.492 no. 35.2 
1.236 1.300 
1.454 1.555 

1.020 0.910 
2.472 2.465 

36.2 

25.0 
21.1 

1.309 U 10' 
0.232 

16.82 x 10-6 

q, 10-3 

0 
0 

0.168 1.480 
0.131 1.562 
0.170 1.534 
0.296 1.467 
0.356 1.480 
0.260 1.378 
0.376 1.304 
0.218 1.246 
0.3.23 1.164 
0.210 1.146 
0.270 1.063 
0.424 1.019 
0.038 1.212 
0.124 1.203 
0.090 1.156 
0.081 1.162 
0.148 1.135 
0.198 1.143 
0.242 1.095 
0.316 1.035 
0.220 1.043 
0.642 ' 1.030 

0.816 

0.534 
1.350 
1.632 

1.110 
2 -742 

On both sides laainsr up to the trailing edge 

38.1 

65.4 
31.32 
16.46 X 

1.965 x lo6 
0 -372 

C 
pg 

Q, Y 

0 
0 
0.395 
0.278 
0.359 
0.568 
0.691 
0.472 
0.683 
0.393 
0.616 
0.288 
0.403 
0.335 
0.025 
0.121 
0.064 
0.060 
0.099 
0.149 
0.217 
0.355 
0.262 
0.756 

0.940 1.062 1.009 
0.362 0.396 0.381 
1.302 1.468 1.390 
1.618 1.828 1.737 

0.748 0.668 0.693 
2.366 2.496 2.430 

NO. 38.2 38.3 
-. 

1.624 
1.635 
1 * 676 
1 e511 
1.487 
1.385 
1.311 
1.236 
1.154 
1.115 
1.019 
0 939 
1 e025 
1.049 
1.050 
1.052 
1.058 
1.043 
1.028 
0.981 
0.979 
0.980 

1.340 
1.681 

0.7M 
2.388 

38.4 

39 

70.4 
35.3 
16.52 * 
2.206 % 10' 
0.372 

C 
pg 

P, x 10-3 

0 
0 

0.488 1.630 
0.343 1.651 
0.440 1.580 
0.694 1.511 
0.840 1.490 
0.574 1.385 
0.822 1.318 
0.472 1.235 
0.754 1.155 
0.350 1.118 
0.484 1.027 
0.400 0.941 
0.032 1.028 
0.292 1.048 
0.076 1.051 
0.072 1.053 
0.119 1.019 
0.180 1.043 
0.262 1.028 
0.410 0.979 
0.314 0.978 
0.658 0.954 

1.014 
0.398 NO. 39.2 39.3 
1.412 1.375 1.486 
1.761 1.710 1.857 

0.657 0.692 0.635 
2.418 2.402 2.492 

40 

39.7 
28.5 
16.55 Y lo-' 
1.665 x 106 
0.372 

1, % 10-3 CPg 

0 
0 

0.302 
0 4 6  
0.265 
0 4 4 9  
0.542 
0.374 
0.543 
0.323 
0 -496 
0.267 
0.361 
0.386 
0.022 

0.055 
0.053 
0.080 
0.119 
0.176 
0.310 
0.239 
0 -708 

0.096 - 

1 - 616 
1.636 
1 574 
1.505 
1.487 
1.385 
1.307 
1.236 
1.186 
1 .la+ 
1 .on 
0.966 
1.023 
1.048 
1.053 
1.053 
1.056 
1.042 
1 .om 
0.982 
0.989 
0.975 

0.922 
0.377 
1 a99 
1.594 

0.90 
a .404 

P 



S l o t  I Qax 

25 -5 55.8 71.80 39.9 

16.36 X lo-' 16.47 X lom6 16.60 X lom6 16 -25 X 
21.2 31 -4 35.70 26.46 

s, 
VO 
J 
Re 1.337 X 10' 1.968 Y lo6 2.220 x 106 1.682 X lo6 
Ca 0.372 0 -480 0 -480 0.480 

Q, x 10-3 
c% I 

25.8 
21.24 
16.25 Y 
1.352 X lo6 
0 -480 

C 
pg 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

13 
14 

12 

1' 
2' 
3' 
4' 
5' 
6' 
7' 
8' 
9' 

10' 

cQoo/O 

CQ ' 
Cw ' 
cQu * 

f 
cwcQ 

cwoo 
II 

~~ 

0 
0 

0.218 1.617 
-157 1.657 
e208 1.593 
a338 1.510 
.406 1.505 
-283 1.397 
,411 1.315 
-245 1.246 
.374 l.i63 

.280 1.047 

.392 1.008 
-015 1.036 

~ 2 1 5  1.140 

-069 1.058 
.OM) 1.061 
-018 1.062 
-060 1.056 
-090 1.047 
el33 1.033 
-256 0.991 
.195 1.005 
,580 0.988 

0-896 
.364 No.  41.2 

1.260 1.315 
1.551 1.624 
1.13 1.10 
2.681 2.724 

0 
0 

0.461 
-324 
-439 
662 
805 

-548 
-786 
-465 
-630 
-310 
,426 
-322 
.017 
.082 
.050 
-031 
.063 
.lo3 
.125 
-227 
-219 
.794 

1.736 
1.769 
1.668 
1.577 
1.558 
1.431 
1.353 

. 1.268 
1.166 
1.134 
1.045 
0.940 

.983 

.993 
,993 

1.011 
1.007 
1.015 
1.007 
0.967 

a 9 7 5  
-948 

NO. 43.2 43.3 
1.390 1.430 
1.828 1.882 
0.695 0.660 

2.523 2.542 

1.057 

1.350 
1.770 
0.735 
2.505 

0.293 

0 
0 

0.530 
-372 
-500 
-754 
-920 
a628 
e 8 9 4  
-526 
,718 
-345 
.454 
,330 
.020 
.092 
a057 
.036 
-074 
-115 
a 1 4 1  
,257 
-248 
-887 

1.050 
0.290 
1.340 
1.740 
0.710 

2.450 

1.718 
1.736 
1.645 
1.563 

1.413 
1.342 
1.255 
1.159 
1.122 
1.033 
0.934 

.940 

.988 
-987 

1.005 
1.004 
1.010 
1.004 
0.963 

.9m 

.943 

1.536 

1.362 
1.772 
0.680 

2 -452 

NACA TM No. 1181 
c 

cpg 
QaX 

0 
0 

0.257 1.726 
-184 1.745 

-392 1.564 
-471 1.552 

-258 1.664. 

-325 1.427 
-470 1.347 
e281 1.268 
-370 1.171 
.220 1.144 
-300 1.053 
.400 1.00% - 
.OD9 0.950 
-048 .994 
-027 .999 
.011 1.010 
,043 1.018 
.061 1.013 
.093 1.005 
-24-9 0.976 
.193 .988 
.535 .964 

0.993 

1.313 
1.678 
1.075 
2.753 

,320 

I On both s ides  laminar up to the t r a i l i n g  edge I I 

1 



NACA TM No. 1181 

QO 

VO 
J 
Re 
c ,  

s l o t  

No. 54 
I 

22.2 
19.63 
16.07 X 

1.260 X106 
0.163 

Q~ X I O - ~  c 
pg 

cQoo/,o 

'Qii " 
'Q 
C "  
wg 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

1' 
2' 
3' 
4'  
5' 
6' 
7 '  
8'  
9' 

0.784 
-611 

1.395 
1.644 

1.360 
3 -004 

0 
0 

0.121 
,116 
166 - 247 

e301 
,209 
,305 
123 

a266 
.245 
e287 
e47 6 
.087 
,144 
.075 
-116 
e276 
.210 
261 

.2 95 

.252 

.518 

1.399 
1.489 
1.466 
1.420 
1.424 
1 a339 
1 a271 
1.196 
1 e 146 
1 131 
1 057 
1.044 
1.255 
1.268 
1.205 
1.156 
1.213 
1.155 
1 e096 
1.018 
1.042 
0.972 

55.3 56.1 

29.3 40 e 4  

22 a58 26.56 
16.07 x 16.17 X 

1 a450 X lo6 1.696 X lo6 
0 e587 0 587 

Q ,  x 10-3 c 
pis 

pa x 10-3 

I 
0 -328 

,187 
.404 
,169 
e273 
,492 
.543 
-390 
-580 
.333 
-436 
-213 
e 298 
-351 
0 
0 
0 
0 
028 
059 

-072 
158 
146 
548 

1 e 748 
1.792 
1.820 
1.796 
1 750 
1,661 
1.624 
1.487 
1.401 
1.307 
1 e182 
1.170 
1.074 
0.979 

-971 - 988 
.987 
950 
956 
928 

NO. 55.2 55.4 

1.430 1.405 1.480 
1.985 1.936 2.045 

0.95 0.97 0.92 

2.935 2.906 2.965 

0 -424 
.243 
522 

-218 
.349 
624 - 697 

-496 
e736 
e426 
560 

.272 
e378 
.439 
0 
0 
0 
0 

.070 
e086 . 
.197 
a185 
681 

-036 

1.761 
1.804 
1.819 
1.795 
1.749 
1.664 
1.619 
1.484 
1.406 
1.299 
1.178 
1.165 
1.075 
0.983 

.970 
,988 
-988 
,949 
960 

.931 

1.286 
0.264 NO. 56.2 
1.550 1.597 
2.154 2.221 
0.730 0.710 

2 m 931 2.884 

I 
on both sides laminar up to the trailing edge 

- 

92 

57.3 

18 05 

16 -17 % 10e6 
1.134 x lo6 

17 e75 

0.587 

P,X 10-3 c 
pJ3 

0 .BO - 125 
276 

-116 
.187 
s 344 
.379 
.215 
e407 
-236 
-296 
146 

$286 
558 
0 
0 
0 
0 

.021 
.042 
.073 
,116 
.096 
555 

1.732 
1.792 
1 -823 
1.797 
1.769 
1 e661 
1.636 
1.504 
1 e412 
1 320 
1.200 
1.190 

Y.. 135 
1.157 

0.980 
.995 

1.001 
0.959 
.970 
.977 

1 167 
0.273 

1 .440 
1.975 
1 e145 
3.120 



Figs. 1,2 NACA TM No. 1181 

~ 

Figure 1.- Influence of the transition-point position on the profile drag 
for  various profile thicknesses; Re = 15 x IO6. 

Figure 

210' W I d r  10 Re 

~ 

2.- Influence of the transition-point position on the profile 
for various Re; d/t = 0.16. 

J 



NACA TM No. 1181 Figs. 3,4 

0 

0 0.l 

Figure 3. - Pressure distributions along 
NACA 0010 for  various Re; ca = 0. 
for the different Re are every time 

the chord on the profile 

shifted vertically downward 
(The pressure distributions 

by Ap/go = 0.1.9 The start of transition 
t = 0.60 m. 

is denoted by arrows, 

*I( 

O? 

w 
03 

Transit  ion  

g. 
Tur b ul e nee 

o*/t 

0) 

02 

Figure 4,- Laminar profile d/t = 0.140 (fig, 12), t = 0.70 m. Pres-  
sure distributions along the chord and transition start (vertical 
arrows) for smooth inflow. The lower figure shows the pressure 
distributions in the rear  part of the profile for  various Re 
an enlarged scale. 

on 



Fig. 5 NACA TM No. 1181 
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I 



NACA TM No. 1181 Fig. 6 

I d Bad7 ai r e v o l u t i o n  y = 0.911 

body). The drag increase far lar Re is caused by the wind- 
tunnel turbulence. 



Figs. 7,8 NACA TM No. 1181 

Figure 
d/t 

7.- Laminar profile d/t = 0.140, t = 0.70 m (fig. 12); 
= 0.10, t = 0.74 m (fig. 12); minimum profile drag cy,. - - w 0 9 m  

(Re) (momentum measurements). The drag increase for larger 
Re is caused by the wind-tunnel turbulence. (See also fig. 8.) 

Figure 8.- Laminar profile d/t = 0.140, t = 0.70 m (fig. 12). 
Transition-point position on the upper surface for various Re 
(observations by stethoscope). a. = transition start, xo = start of 
the developed turbulent boundary layer measured from the front. 



NACA T M  No. 1181 
4 

Fig. 9 

d NACA 23012 -=OJ2 t t =0,25 m 

- = 0217 t = Q51m 8 
- d = 0,069 t =0,60m 

t 7 

SL = 0,09 
t 

Prope l l er  p r o f i l e  11 

I- t- 

4 $=OJ03S. I =  0,327m 

Figure 9.- Laminar profiles for  various thicknesses and 
NACA profile 23012. 



Fig. 10 

Q I  

NACA TM No. 1181 



NACA TM No. 1181 Fig. 11 

Figure 11.- Propeller profile 11, d/t = 0.90, t = 0.25 m. Profile-drag 
Re; transition point polars (momentum measurements) for various 

positions (observations by stethoscope) for  various ca and Re; ca( a) 



Figs. 12.13 NACA TM No. 1181 
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NACA TM No. 1181 Fig. 14 

Fi 

and var ious  

Ai leron s l o t  c l o s e d  
and sea led  

.@re 14.- Laminar profile for wing, d/t = 0.14, t = 0.250 m (fig. 13). 
Profile-drag polars (momentum measurements) for various trailing -edge 
aileron deflections p Aileron slot between upper and lower surface 
sealed. Re = 1.07 x &‘s 10 . 



Figs. 15,16 NACA TM No. 1181 
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NACA TM No. 1181 Fig. 17 

Figure 17.- Laminar suction profile 2 with a single suction slot on the upper 
surface. d/t = 0.0675 in 0.394 t from the front. Profile 1, d/t = 0.09, 
without suction. 



Fig. 18 NACA TM No. 1181 



NACA TM No. 1181 

0003 

oay 

0 003 

ooozs t, 

profile 2. Total drag cw ( 
CD 

QQ 9f the wake cw '(eQ) fop ous Re, s = 1.3 millimeters. 
OQ 

QQPt 
Figure 21.- Laminar suction profile 2. Optimum suction quantity c 

and pertaining static pressure cpa in the suction chamber for 

optimum total drag, s = 0.9 millimeter and 1.3 millimeters. 
opt 



Figs. 22,23 NACA TM No. 1181 

Figure 22.- Hot-wire photograph, 30 anillimeters ahead of the trailing 
edge on upper side 0.2 millimeter over the surface. (a) Without 
suction, slot closed: turbulent; (b) time trace (f = 4OO/kec); (c) with 
suction: larninar, CQ = 0.0009 Re = 275,000, u'/Uo = 0.0044. 

. 

Figure 23.- Hot-wire photograph, 30 millimeters ahead of the trailing 
edge on upper side 0.2 millimeter over the surface. (a> Without 
suction, slot closed: turbulent; (b) with suction (c 
laminar; (c) time trace (5OO/sec), Re = 790,000,%'/U0 = 0.0040. 

= 0.0016): 
* 

. 
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NACA TM No. 1181 Figs. 24,25 

Figure 24.- Boundary-layer observation with soot coating for laminar 
suction (everything laminar with the exception of the edge of the 
boundary layer). 

Figure 25.- Boundary-layer observation with soot coating with horizontal 
turbulence wire  (greatest part turbulent). 



NACA TM No. 1181 Figs. 26,27 

Figure 

Y 
0 
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S d  
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Quation ohasbe? 

26.- Laminar suction tests with three single suction slots arranged 
one after another. Test arrangement. 

Figure 27.- Shape of the suction slot (a). 



Fig. 28 NACA TM No. 1181 

T r a n s i t i o n  

irease 
.t i o n  

pressure d i a t r  ibut  ion  
for laminar s u c t i o n  
With a s u c t i o n  s l o t s  

Laainar preesure 
i n c r e a s e  = sa$ 
up t o  t r a n s l t  i o n  

Figure 28.- Laminar suction tests with three suction slots. Static 
pressure at the test plate for various suction quantities and tunnel 
widths. 



NACA T M  No. 1181 

NQ 

Fig. 29 

Tunne 1 Q, 10-3 m*/s 
1 2 3 

width qm kgP2 Slot 
rnm 

Figure 29.- Laminar suction tests with three suction slotsL Static 
pressure at the test plate f o r  various suction quantities and tunnel 
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40 14.6 3.76 4b6 4 .u 
4@ 12 3 Without s u c t i o n  
80 8.2 1.92 2.29 2.17 



NACA TM No. 1181 Fig. 30 

Figure 30.- Flow photographs in the water tank with laminar boundary- 
layer suction. Flow direction from the left. 



NACA TM No. 1181 Fig. 31 

. 

Figure 31.- Flow photographs in the water tank with laminar boundary- 
layer suction. Flow direction from the left. 



NACA TM No. 1181 Figs. 32-34 

Figure 32.- Flow photographs in the water tank with laminar boundary- 
layer suction. Flow direction from the left. 

Figures 33,34.- Flaw photographs in the water. tank with laminar 
boundary-layer suction. Flow direction from the left. 



NACA TM No, 1181 Fig. 35 

20 
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23, I 
2 
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4 
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1 
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Figure 35,- Laminar suction tests with the single suction slot  (a). Opposite 

of the suction quantity Qa and the shifting of the slot trailing edge on the 
presswe distribution (sink effect). 

8' wall V, tunnel width 80 millimeters. Tests 23, 25, 28, 29, 30: Influence 
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Figure 36. - Laminar suction tests with the slot  (a). Tunnel width 80 milli- 
meters. Tests III, IV, V,. VI: Influence of the suction quantity and slot 
width on the pressure distribution (sink effect). qm = 8.15 kg/m2. 
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Figure 37.- Shape of the test plate (b) and (d) with the single suction slot (b) 
(fig. 38). It was located at the place of the first slot in the tests with 
three slots (chapter 5, 1). 



NACA TM No. 1181 Figs. 38,39 
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Figure 38.- Straight suction slot (b) with various degrees of shifting h of 
the slot trailing edge. Suction slot (i) curved forward (chapter 6, 2). 
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F'igure 39.- Laminar suction tests with the suction slot (b), test plate (b), 
tunnel width 80 millimeters, slot width s = 0.8 millimeter, shifting 
h = 0.9 millimeter, influence of the suction quantity Qa on the 
laminar-pressur,:. increase up to the transition (arrow) and on the 

Y sink effect. 
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Figure 40.- Laminar suction tests with the suction slot (b), test plate (b), 
40-millimeter tunnel width, s = 0.8 millimeter, h = 0.9 millimeter, 
qm = 16.3 kg/m . Influence of the suction quantity Qa on the laminar- 
pressure increase up to the transition (arrow) and on the sink effect. 

2 

Figure 41.- Laminar suction test with slot (b) (L 25), test plate (b) 
40-millimeter tunnel width, s = 1.3 millimeters, h = 1.0 millimeter, 

2 qm = 32.6 kg/m , Qa = 0.00767 m3/s = 0.77 x QB*. 



NACA TM No. 1181 Fig. 42 

, 

Figure 42,- Laminar suction tests with slot (b), test plate (b), 40-millimeter 
2 tunnel width, s = 0.8 millimeter, q, = 16.3 kg/m , Qa = 0.00201 

m3/s = 0.239 X QS*. Influence of the shifting h of the slot trailing edge 
(fig. 38) on the laminar-pressure increase up to the transition (arrow) 
and the sink effect. 

h mm I 1.3 09 0,6 02 - 0.3 
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Figures 43,44.- Laminar suction tests with slot (b), test plate (b), 40- 
millimeter tunnel width, s = 0.8 millimeter, qm = 16.3 kg/m2. 
Pressure distribution up to the transition (arrow) for- considerable 
outward shifting (h = -0.3 mm) or inward shifting, respectively, 
(h = 1.3 mm) of the slot trailing edge. 
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Figs. 45,46 

Figure 45.- Laminar suction tests with slot (b), test plate (d) (fig. 37), 
40-millimeter tunnel width, s = 0.8 millimeter, qm = 16.3 kg/m2. 
Influence of the suction quantity Qa on the laminar-pressure increase 
up to the transition (arrow) and the.sink effect. 

Figure 46.- Suction slot  (g). 
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Figure 47.- Laminar suction tests with the slot (g), 40-millimeter tunnel 
width, s = 0.8 millimeter, qm = 16.3 kg/rn2. Pressure distribution 
at the test plate. Transition marked by arrow. 
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Figure 48.- Laminar suction tests with the suction slot (a) (fig. 27). 
80-millimeter tunnel width, slot diffuser length 16 millimeters. 
Static pressure 1 - pA/qm in the suction chamber for various 
suction quantities Qa/QG *, stagnation pressures q, and slot  
widths s. 
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Figures 49-53.- Laminar suction tests with the suction slot (a) (fig. 27). 
80-millimeter tunnel width, slot diffuser length 16 millimeters. Static 
pressure 1 -pA/qm in the suction chamber for various suction quanti- 
ties Qa/Q6*, stagnation pressures qm and slot widths s. 
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Fig. 54 
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Figure 54.- Laminar suction tests with slot (b), test plate (b), (figs. 37 and 

38), 40-millimeter tunnel width, q, = 16.3 kg/m2. Static pressure 
I - ap/qm in the suction slot for various suction quantities Q ~ / Q  a*. 
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Figs. 55-5’7 

Figure 55-57.- Laminar suction tests with slot (b), test plate (b), 
40-millimeter tunnel width, s = 0.83 millimeter, slot diffuser length 
24 millimeters. Velocity distribution at the slot exit for various 
suction qumti’ies &a and stagnation pressures q,. 



Figs. 58,59 
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.Figure 58. - Velocity distribution at 
the slot exit for various suction 
quantities, qm = 32.5 kg/m2. 
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Figure 59.- Static pressure along 
the slot  diffuser for various 
suction quantities, 
qm = 32.5 kg/m2. 
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Figure 60.- Static pressure in the suction chamber for various 
suction quantities Qa/Q8* and stagnation pressures q,. ' 

Figure 61.- Laminar suction tests with slot (b), test plate (b), 40-millimeter 
tunnel width, s = 2.0 millimeters, h = 1.0 millimeter. Slot diffuser length 
24 millimeters. Static pressure in the suction chamber for various 
suction quantities Qa/Q6 * and stagnation pressures q,. 
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Figure 62.- Laminar suction tests with suction slot (i) curved forward 
(fig. 38), test plate (b), s = 1.45 millimeters, 40-millimeter tunnel 
width. Static pressure in the suction chamber for various suction 
quantities and stagnation pressures. 

Figure 63.- Laminar suction tests with forward curved suction slot (i) 
(fig. 38),  test plate (b), S = 1.45 millimeters, 40-millimeter tunnel 
width. Velocity distribution at the slot exit for various suction 
qumtiges, gm = 32.7 kg/m2. The slot flow undergoes laminar 
separation on the front side of the slot. 
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Figure 64.- Rearward curved suction slot h. 

Figure 65.- Laminar suction tests with slot h. Static-pressure distri- 
bution p/qo along the chord. 



Figs. 66-72 
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Figures 66-72.- Laminar suction tests with slot h. Distribution of the 
static pressure p/qo 
for various suction quantities Qa/Q8 * and stagnation pressures 

go. h4inimum slot width s = 1.0 millimeter and 1.25 millimeters. 
E *  = displacement thickness ahead of the slot. 

ahead of the slot  and along the slot diffuser 
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Fig. 75b NACA TM No. 1181 

Figure 75(b). - Side view for  covered opposite. wall; 
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. Figure 75(c).- Test nozzles for  measurement of suction quantities. 
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Figure 76.- Suction slots I - VIII. 
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Figures 77,78. - Pressure distribution along h e  chord, static pressure 
in the suction chambers (solid circles) and transition start (verti- 
cal arrows) for  various Re and suction quantities. G = boundary- 
layer test point. 
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Figures 79,80. - Pressure distribution along the chord, static pressure 
in the suction chambers (solid circles) and transition start (verti- 
cal arrows) for various Re and suction quantities. G = boundary- 
layer test point. 



NACA TM No. 1181 Figs. 81-86 

Figure 81.- Optimum total suction quantity c (Re) for optimum 
Qtopt 

total drag (calculated for both wing sides). 
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Figures 82-85. - Velocity distribution u/U 

0 1 2  3 4 5 6 7jl% 

0 1 2 3 v"Kn 

(y) in the boundary layer at - 
the point G 9 millimeters behind the slot Vm for various Re and 
suction quantities. 
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Figures 86,87.- Velocity distribution u/U (y) in the boundary layer at the 
point G 9 millimeters behind the slot VLTl for various Re and suction 
quantities. 

Figure 88. - Drag variation c (Re) without suction ( 
woo urve ) and with 

laminar suction (curve b), suction blower power included. Presuppo- 
sitions: ig = 1 and acceleration of the sucked air to Uo. The 
kinectic energy of the sucked air in the suction chambers was taken into 
consider ation. c is calculated for  both wing sides. The drag 

increase for higher Re is caused by the wind-tunnel turbulence. 
1 = laminar friction of the flat plate (Blasius (47)), t = turbulent 
friction of the flat plate (Schlichting), (a) = % without suction, 

(b) = cw, with auction, (c) = cw,, with suction, if there were two more 

suction slots arranged behind slot VILI (mathematically), (d) = 0 . 7 8 7 ~ ~ ~ ~ .  
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00 



NACA TM No. 1181 Figs. 89,90 

Figure 89.- Transition-point position for various Re on the not-sucked 
opposite wall (observations by stethoscoge). a = transition start, 
x = start of the developed turbulent boundary layer (measured from the 
front). 

Figure 90.- Influence of the total suction quantity CQt on the total drag % 
00 

and the drag contribution cwg of the suction blowers. cw.,' cwg, CQt 

a re  calculated for both wing sides. Re = 3.00 X lo6. In the tests 54, 14*, 
38 (solid circles) one somewhat widened the suction slots, thus reducing 
the negative pressure in the suction chambers and therewith cwg and 

w cw, * 
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Figure 91.- Frictional drag ewR of a laminar flat plate with area suction 
for various Re and suction velocities - uo/Uo according to 
Schlichting (70). 

Figure 92.- Drag cw2 of a laminar flat plate with area suction for various 
Re and suction velocities 
sucked air to Uo (suction blower power included). 

- uo/Uo for  lossless acceleration of the 
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Figure 93.- Drag cw3 of a laminar flat plate with area suction for various 
Re and suction velocities -uo/Uo for  lossless acceleration of the 
sucked air and the boundary layer at the plate end to (suction blower 
power included). 
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NACA TM No. 1181 Figs. 95,96 
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Figure 95.- Laminar-suction profile, d/t = 0.105. Optimum total drag 
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Figure 96.- Laminar suction profile, d/t = 0.105. c (e ) with suction a wo3 
for various Re (suction-blower power included). 
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Figure 97.- Laminar-suction profile, d/t = 0.105. Influence of the suction 
quantity .c on cw , cwoD t , cwg. 

Q 00 

Figure 98. - Laminar-suction profile, d/t = 0.105. Total-pressure distri- 
bution in the wake with and without boundary-layer suction. 
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Figures 99-102. - Laminar-suction profile, d/t = 0.105. Pressure distri- 
butions along the chord for various 
weaker than in the corresponding test 27. 

ca. In test 21 the sink effect is 



Figs. 103,104 NACA TM No. 1181 

Upper and lower s i d e  
c o m p l e t e l y  l a a i n a r  

S t a t i o  pressure  a i n  t h e  s u c t i o n  tank 

Figure 103.- Laminar-suction profile, d/t = 0.105. Pressure distri- 
butions along the chord for e, = 0.587. 
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Figure 104.- Profile 32, d/t = 0.060, smooth wing, and with disturb- 
ances (1) and (2). 
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Figure 105. - Profile-drag polars Figure 106. - Profile-drag polars 
of the profile 32 with disturb- of the profile 32 without disturb- 

ances (smooth wing). ance 1. 

1 Figure 107.- Profile-drag polars of the profile 32 with disturbance 2. 
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